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1- 7  (a)  Light  output  vs  current  characteristic  and  (b)  far-field  pattern  of  a 
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self-starting  dynamics,  the  coupled  cavity  is  opened  with  a  chopper  while  the 
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2-2  Signals  from  Ti:Al203  laser  showing  start-up  of  passive  mode  locking. 
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INTRODUCTION 


1.  ELECTROOPTICAL  DEVICES 

Effects  of  P+  implants,  implantation  temperature,  and  type  of  post-implant  anneal  on  the  hole- 
concentration  depth  profiles  of  semi-insulating  InP  wafers  implanted  with  5  X  lO1^-  and  5  X  1014-cirf2 
Zn+  ions  have  been  investigated.  The  P+  co-implant  combined  with  capless  rapid  thermal  annealing 
greatly  suppressed  Zn  dopant  indiffusion  at  low  doses,  and  at  high  doses  this  combination  produced  >2X 
higher  peak  hole  concentrations. 

A  first  attempt  has  been  made  to  monolithically  integrate  a  microlens  with  a  diode  laser.  The  inte¬ 
grated  device  showed  a  narrow  beam  divergence  of  1.25°  and  is  potentially  advantageous  for  fiber 
coupling,  optical  interconnects,  and  laser-array  applications. 

2,  QUANTUM  ELECTRONICS 

Self-starting  dynamics  of  a  passively  mode-locked  Ti.Al^O^  laser  with  a  nonlinear  coupled  cavity 
have  been  studied.  Mode  locking  develops  from  mode  beating,  with  pulse  formation  occurring  in  -230  /is. 

A  linear  frequency  chirp  of  1.2  MHz/ns  over  a  range  of  140  MHz  has  been  generated  from  a  single¬ 
frequency  Nd:YAG  laser  with  a  retrace  time  of  20  ns.  Preliminary  measurements  have  been  made  to 
assess  the  applicability  of  this  laser  system  to  range-Doppler  coherent  radar. 

The  development  of  a  solid  state  source  of  long-pulse-length,  sodium-resonance  radiation  has  been 
completed.  This  radiation  is  generated  by  sum-frequency  mixing  the  output  of  a  1.064-/xm  Nd:YAG 
laser  with  the  output  of  a  1.319-/xm  Nd:YAG  laser. 

Relationships  between  the  properties  of  the  pump  beam  and  the  gain  medium  in  end-pumped  lasers 
have  been  derived.  A  novel  scheme  for  power  scaling  of  end-pumped  lasers  using  multiple  sources  is 
described  in  terms  of  these  relationships. 

A  simple  formula  has  been  derived  which  gives  the  ratio  of  the  maximum  single-longitudinal-mode 
inversion  density  to  the  threshold  inversion  density  for  a  microchip  laser.  The  parameters  are  easily 
measured  (and  often  published)  spectroscopic  properties  of  the  gain  medium. 

It  has  been  determined  that  CW  microchip  lasers  operate  in  a  thermally  waveguided  mode.  In 
Nd:  YAG,  the  diameter  of  the  oscillating  mode  is  typically  much  larger  than  the  pump  diameter,  resulting 
in  a  low-divergence  beam  that  is  insensitive  to  the  quality  of  the  pump  beam. 

A  700-/xm-long  Nd:YAG  microchip  laser  operating  at  1.064  /xm  has  been  shown  to  have  an  angular 
tolerance  in  mirror  misalignment  of  approximately  ij/  =10  4  P  .  rad,  where  P  .  is  the  minimum 
pump  power  (in  watts)  for  which  the  microchip  laser  should  oscillate  in  a  circularly  symmetric  TEM(M) 
mode. 
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3.  MATERIALS  RESEARCH 


PtSi  Schottky-barrier  detectors,  which  are  conventionally  used  in  the  back-illumination  mode  for 
thermal  imaging  in  the  3-  to  5-/r.m  infrared  spectral  band,  have  been  shown  to  exhibit  excellent  photo¬ 
response  in  the  near-ultraviolet  and  visible  regions  when  operated  in  the  front-illumination  mode.  High- 
quality  imaging  has  been  demonstrated  in  both  the  visible  and  3-  to  5-yu.m  bands  for  front-illuminated 
160  X  244-element  detector  arrays  integrated  with  monolithic  CCD  readout  circuitry. 

Broad-stripe  diode  lasers  with  an  emission  wavelength  of  2.29  gm  have  been  fabricated  from 
lattice-matched  GalnAsSb/AlGaAsSb  double  heterostructures  grown  on  GaSb  substrates  by  molecular 
beam  epitaxy  (MBE).  For  pulsed  operation  at  room  temperature,  these  devices  exhibit  a  threshold  current 
density  of  1 .7  kA/cirF  and  two-facet  differential  quantum  efficiency  of  30  percent,  values  comparable  to 
the  best  reported  for  diode  lasers  emitting  beyond  2  gim. 

Continuous  operation  at  room  temperature  has  been  demonstrated  for  graded-index  separate- 
confinement  heterostructure  (GRIN-SCH)  single-quantum-well  (SQW)  GaAs/AlGaAs  ridge-waveguide 
diode  lasers  grown  on  a  Si  substrate  by  organometallic  vapor  phase  epitaxy,  without  the  use  of  MBE. 
Incorporating  a  defect-filtering  layer  of  thermally  cycled  GaAs  to  improve  the  quality  of  the  laser 
structure  has  made  it  possible  to  achieve  CW  threshold  currents  as  low  as  25  mA  and  a  differential 
quantum  efficiency  of  55  percent. 

The  high-temperature  reaction  between  ammonia  and  diborane  has  been  utilized  for  chemical  vapor 
deposition  of  boron  nitride  to  coat  fused  silica  crucibles  for  use  in  the  bulk  growth  of  InP  crystals  from 
the  melt.  For  nominally  undoped  crystals  grown  in  such  crucibles  by  the  liquid-encapsulated  Czochralski 
method,  the  purity  has  been  found  to  be  the  same  as  that  of  control  crystals  grown  in  pyrolytic  boron 
nitride  crucibles,  which  are  much  more  expensive. 

4.  SUBMICROMETER  TECHNOLOGY 

Electron-beam  direct-write  technology  has  been  used  to  fabricate  photomasks  for  193-nm  lithogra¬ 
phy.  A  variety  of  shapes  and  sizes  (0.1  to  22  gtm)  were  patterned  in  aluminum  thin  films  on  high-purity 
fused-silica  substrates. 

Silylation  methods  have  been  applied  to  193-nm  lithography.  Positive-tone  patterning  was  obtained 
by  combining  exposure-induced  crosslinking  with  the  appropriate  silylation  conditions,  and  resolution  of 
0.4  jim  was  demonstrated  at  a  dose  of  60  mJ/cm\ 

5.  MICROELECTRONICS 

A  high-yield,  high-throughput  process  has  been  developed  for  producing  mechanically  rugged, 
back-illuminated  thinned  CCD  imagers  from  finished  wafers  of  front-illuminated  devices.  The  back- 
illuminated  devices  provide  at  least  20X  greater  quantum  efficiency  at  400  nm  than  front-illuminated 
devices,  and  show  even  more  advantage  at  shorter  wavelengths. 
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Both  CCD  imaging  devices  and  bulk  Si  wafers  have  been  irradiated  with  high-energy  protons,  and 
the  resulting  damage  characterized.  The  increased  dark  current  and  reduced  charge  transfer  efficiency 
suffered  by  the  CCDs  were  reduced  by  a  background  charge  of  several  tens  of  electrons  per  well,  and 
studies  of  bulk  Si  wafers  indicated  that  increasing  the  substrate  resistivity  may  result  in  CCDs  more 
resistant  to  proton  damage. 

A  generic  CCD  signal  processor,  which  can  be  used  as  a  one-dimensional  correlator,  a  two- 
dimensional  matched  filter,  and  a  two-layer  neural  net  computing  module,  has  been  designed  based  on  a 
vector-matrix-product  computing  algorithm.  When  used  as  a  neural  net  processor,  the  device  will  provide 
2016  programmable  interconnections  between  a  fully  connected  two-layer  net  with  144  input  nodes  and 
14  output  nodes,  perform  2.8  billion  arithmetic  operations  per  second,  and  dissipate  less  than  2  W  at  a 
10-MHz  clock  rate. 


6.  ANALOG  DEVICE  TECHNOLOGY 

A  microstrip  resonator  with  a  superconducting  thin-film  metallization  has  been  used  to  measure  the 
dielectric  properties  of  evaporated  silicon  monoxide  at  4.2  K.  Results  at  1.3  GHz  indicate  a  relative 
dielectric  constant  equal  to  6.2  and  a  loss  tangent  between  1.3  and  1.5  X  1(T4. 

Electrostatic  analysis  predicts  charge  transfer  inefficiency  in  single-gate-level  CCDs  caused  by  local 
potential  minima  and  lack  of  buried-channel  confinement  in  the  interelectrode  gap  regions.  Further 
analysis  shows  that  a  very  simple  processing  step  (shallow  counterdoping  in  the  gap)  will  significantly 
reduce  these  potential  minima  and  isolate  the  channel  from  the  surface. 
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1.  ELECTROOPTICAL  DEVICES 


LI  EFFECTS  OF  P+  IMPLANTS  AND  ANNEALING  ON  ZnMMPLANTED  InP:Fe 

Formation  of  shallow,  highly  doped  p- type  ion-implanted  layers  in  InP  is  difficult  because  most 
p-type  implanted  dopants  (i.e.,  Be,  Mg,  Zn  and  Cd)  exhibit  severe  redistribution  upon  post-implant 
annealing.  It  has  recently  been  reported  that  a  co-implant  of  phosphorus  and  beryllium  produces  a 
shallow  p+  surface  layer  which  exhibits  improved  electrical  activation  over  single  beryllium  implants  [1]. 
The  phosphorus-rich  surface,  formed  as  a  result  of  the  co-implant,  is  believed  to  increase  the  concen¬ 
tration  of  available  In  sites  at  the  surface,  which  in  turn  increases  the  probability  of  substitutional  doping 
of  Be  on  In  vacancies.  The  resulting  increase  in  Be  activation  reduces  the  amount  of  interstitial  Be  that 
would  otherwise  diffuse  into  the  bulk.  Here  we  report  the  effects  of  P+  co-implants,  implantation 
temperature,  and  type  of  post-implant  anneal  on  the  hole  concentration  depth  profiles  for  high-  and  low- 
dose  Zn+  implants  in  InP:Fe.  The  purpose  of  this  study  was  to  determine  which,  if  any,  combination  of 
implant  and  anneal  conditions  produces  hole  carrier  concentration  profiles  that  best  approximate  the 
theoretical  Lindhard-Scharff-Schiptt  (LSS)  [2]  implanted  profile. 

For  these  experiments,  high-resistivity  (p  >  107  £2-cm),  Fe-doped  InP  crystals  were  cut  into  (100)- 
oriented  wafers  which  were  lapped  and  polished  using  a  1 -percent  Br-methanol  solution.  Samples  cut 
from  the  wafers  were  etched  in  0.5-percent  Br-methanol  prior  to  implantation.  Half  of  the  samples  were 
first  implanted  with  100-keV,  5  x  1013-  or  5  x  1014-  cm  2  P+  ions  at  25°C.  Next,  all  samples  were 
implanted  with  200-keV,  5  x  1013-  or  5  x  1014-  cm  2  Zn+  ions  at  25  or  180°C.  The  P+and  Zn+  energies 
were  chosen  such  that  the  two  implanted  distributions  overlapped.  Following  implantation,  each  sample 
was  cleaved  in  half  for  different  annealing  treatments.  Conventional  annealing  was  performed  in  a 
graphite-strip-heater  system  at  750°C  for  10  min  using  a  phosphosilicate  glass  (PSG)  encapsulant  [3]. 
Rapid  thermal  annealing  (RTA)  at  900°C  for  10  s  was  performed  in  a  tungsten-halogen-lamp  system 
using  a  capless  enhanced-ovcrpressure-proximity  technique  (HOP)  [4].  The  EOP  technique  utilizes  a  Sn- 
coated  InP  source  wafer,  spaced  about  0.1  mm  from  the  sample  to  provide  a  phosphorus  overpressure 
during  RTA.  Hole  concentration  vs  depth  profiles  were  obtained  by  a  Hall-effect  measurement  and  step¬ 
stripping  technique  [5].  To  facilitate  such  measurements,  AuZnAu  contacts  were  microalloyed  at  450°C 
and  cloverleaf  mesas  were  etched  into  the  surface.  A  solution  of  20-percent  iodic  acid  in  deionized  water 
was  used  for  layer  removal  in  steps  of  200  to  400  A  between  electrical  measurements.  Details  of  the 
fabrication  procedure  and  computer  program  used  to  reduce  the  electrical  data  are  described  in  Reference  5. 

Our  results  for  low-dose  implants  are  presented  in  Figure  1-1,  which  illustrates  the  hole  carrier 
concentration  vs  depth  for  200-keV  Zn+  implanted  into  InP  to  a  dose  of  5  x  1013  cm  .  These  samples 
were  implanted  at  25°C  with  or  without  an  additional  100-keV  P+  co-implant  at  the  same  dose.  The 
dashed  line  represents  the  theoretical  LSS  profile  for  Zn+  in  InP.  For  the  samples  annealed  at  750°C,  a 
peak  hole  concentration  of  about  2  x  101X  cm1  was  attained.  The  depth  of  the  distribution,  however, 
shows  significant  indiffusion  of  the  carriers,  independent  of  P+  co-implantation.  For  the  samples  an¬ 
nealed  at  900°C  for  10  s,  the  sample  implanted  without  P  has  a  very  broadly  peaked  hole  concentration 
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of  about  1018  cm  3  which  extends  about  3000  A  into  the  substrate.  The  sample  co-implanted  with  P+ 

1  O  1 

shows  a  much  improved  peak  hole  concentration  of  about  3.5  x  10  cm'  and  closely  approximates  the 
theoretical  LSS  distribution. 


DEPTH  (pm) 


Figure  l-l .  Hole  concentration  vs  depth  for  200-keV ,  5  x  10l3-cm  2  Zn+  implanted  into  lnP:Fe  at 
25°C  w  ith  and  w  ithout  ]00-keV,  5  x  10I3-cm  2  P+  implanted  at  25°C  and  for  tw'o  annealing 
treatments. 


It  should  be  noted  that  the  hole  concentration  in  the  very-near-surface  region  (<500  A)  in  the 
samples  annealed  by  EOP-RTA  is  very  much  reduced  compared  with  that  obtained  by  conventional 
annealing.  This  reduction  can  result  from  compensation  caused  by  residual  implant  damage,  outdiffusion 
of  Zn  atoms  through  the  surface  and/or  indiffusion  of  Sn  from  the  EOP  source  wafer  during  annealing. 
Formation  of  n- type  skin  layers  in  EOP-annealed  InP  substrates,  presumably  caused  by  Sn  contamina¬ 
tion,  has  been  shown  to  occur  when  spacings  between  the  source  wafer  and  sample  are  <0.1  mm  [5]. 
Increasing  the  spacing  to  >0.3  mm  was  found  to  eliminate  the  n- type  layer  formation  [4].  Surface  layer 
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compensation  effects  caused  by  Sn  incorporation  are  more  completely  characterized  and  described  in 
Reference  5. 

The  data  of  Figure  1-1  indicate  that  the  presence  of  additional  phosphorus  does  not  significantly 
change  the  depth  profiles  for  the  750°C  10-min  anneals.  It  is  very  likely  that  enough  phosphorus  is  lost 
through  the  surface  during  the  relatively  long  annealing  period  to  lower  the  concentration  of  In  vacan¬ 
cies,  thereby  increasing  the  probability  of  Zn  diffusion.  The  advantage  of  using  a  P+  co-implant  is  clearly 
seen  in  the  case  of  rapid  annealing.  The  peak  hole  concentration  is  about  4  times  higher  and  dopant 
redistribution  is  considerably  reduced  when  using  a  co-implant  followed  by  RTA.  Elevated-temperature 
(180°C)  implants  were  tried  in  order  to  reduce  possible  compensation  caused  by  damage  production 
during  heavy  ion  bombardment.  Although  not  depicted  here,  the  peak  carrier  concentrations  and  general 
distributions  in  profiles  obtained  for  the  180°C  implanted  samples  were  virtually  identical  to  those  in 
Figure  1-1.  However,  a  25-  to  30-percent  increase  in  diffusion  toward  the  bulk  was  observed,  which  is 
not  unexpected  for  elevated-temperature  implants  [6]. 

In  an  effort  to  achieve  higher  peak  carrier  concentrations,  high-dose  Zn+  implants  were  also 
investigated.  Figure  1-2  shows  the  hole  carrier  concentration  vs  depth  for  200-keV  Zn+  implanted  into 
InP  to  a  dose  of  5  x  1014  cm  2.  These  samples  were  implanted  at  25°C  with  and  without  an  additional 
100-keV,  5  x  10l4-cm  2  P+  co-implant.  Both  samples  annealed  at  750°C  show  broad  carrier  distributions 
with  peak  hole  concentrations  of  about  2  x  10  cm'  .  Phosphorus  co-implantation  in  this  case  reduced 
dopant  redistribution,  indicating  that  the  10-min  anneal  time  is  short  enough  to  prevent  substantial 
phosphorus  loss  for  high-dose  P+  implants.  It  is  interesting  to  note  that  although  the  Zn+  dose  has  been 
increased  by  an  order  of  magnitude,  the  peak  hole  concentration  has  increased  only  moderately  and 
extends  to  a  much  greater  depth  compared  with  that  of  the  lower  dose  implants.  This  behavior  is  typical 
of  that  observed  for  other  p- type  dopants,  such  as  Mg  and  Cd,  for  which  the  peak  carrier  concentration 
saturates  at  about  2  x  1018  cm"3,  and  the  diffusion  tail  extends  deeper  into  the  substrate  with  increasing 
dose  [5J.  RTA  at  900°C  for  10  s  results  in  an  increase  of  the  peak  hole  concentrations  to  3  and 
6  x  101H  cm  *  for  the  single  and  co-implanted  samples,  respectively.  Both  profiles  do,  however,  exhibit 
enhanced  dopant  indiffusion.  Elevated-temperature  (180°C)  implants  performed  at  the  higher  doses 
exhibited  profiles  similar  to  those  of  Figure  1-2.  The  profiles  were  somewhat  deeper  than  for  the  25°C 
implants,  and  a  hole  concentration  of  8  x  10lK  cm  2  was  obtained  on  a  P+  co-implanted  sample  annealed 
at  900°C  for  10  s.  This  represents  the  most  significant  increase  in  hole  concentration  observed  in  these 
experiments  and  is  among  the  highest  carrier  concentrations  reported  for  p-type  implanted  InP. 

A  summary  of  the  peak  hole  concentrations  and  profile  shapes  for  all  implant  and  anneal  condi¬ 
tions  is  given  in  Table  1-1.  The  results  indicate  that  relatively  shallow  p-type  layer  formation  by  Zn+ 
implantation  is  only  achieved  for  low-dose  dual  implants  of  Zn+  and  P+  followed  by  RTA.  It  is  quite 
clear  that  increasing  the  concentration  of  available  In  sites  at  the  surface  by  P+  co-implantation  improves 
the  likelihood  of  substitutional  Zn  doping,  which  leads  to  higher  peak  carrier  concentrations  and  less 
dopant  indiffusion.  Annealing  for  longer  times,  however,  probably  causes  a  severe  loss  of  the  implanted 
phosphorus,  thus  reducing  the  expected  improvement  in  hole  activation. 

In  the  case  of  high-dose  implants,  maximum  hole  concentrations  (6  to  8  x  10,x  cm4)  are  also  only 
realized  with  dual  implantation  combined  with  RTA.  Profiles  for  all  implant  and  annealing  parameters, 
however,  exhibit  severe  indiffusion.  If  the  presence  of  deep  diffusion  tails  is  not  detrimental  to  a  given 
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TABLE  1-1 

Summary  of  Peak  Hole  Concentrations  and  Profile  Shapes 
for  All  Implant  and  Anneal  Conditions 


Dose 
(cm  "2 ) 

Implant 

Temperature 

(°C) 

Anneal 

<°C) 

Phosphorus 

Co-implant 

(keV) 

Peak 

Concentration 

(x1018cnv3) 

Profile 

Shape 

750 

none 

2.5 

diffused 

25 

10  min 

100 

2.5 

diffused 

900 

none 

1.5 

diffused 

5  X  1013 

10s 

100 

3 

LSS 

750 

none 

2 

diffused 

180 

10  min 

100 

2 

diffused 

900 

none 

2 

diffused 

10s 

100 

3.5 

LSS 

750 

none 

2 

diffused 

25 

10  min 

100 

2 

diffused 

900 

none 

3 

diffused 

5  x  1014 

10s 

100 

6 

diffused 

750 

none 

2 

diffused 

180 

10  min 

100 

3 

diffused 

900 

none 

2 

diffused 

10s 

100 

8 

diffused 
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Figure  1-2.  Hole  concentration  vs  depth  for  200-keV ,  5  x  10l4-cm  Zn+  implanted  into  InP.Fe  at 
25°C  with  and  without  100-keV,  5  x  I0l4-cm~ 2  P+  implanted  at  25°C  and  for  tw>o  annealing 
treatments. 


device  fabrication  process,  then  high-dose  ion-implanted  Zn+  and  P+  may  be  useful  as  a  predeposition 
layer  for  a  rapid  thermal  diffusion  (RTD)  process.  Such  an  RTD  process  could  be  a  viable  alternative 
to  conventional  Zn  skin  diffusions,  because  open-ampoule  diffusion  techniques  using  In  and  Zn  in 
flowing  PH^/H^  at  580°C  for  20  min  yield  hole  concentrations  of  only  2  X  101H  cm ’3  [7]. 

Although  we  did  not  try  intermediate  doses  of  Zn+  and  P+  or  vary  the  RTA  temperature  and  times, 
LSS-type  distributions  can  probably  be  achieved  by  optimizing  the  RTA  conditions  for  each  dose.  Also, 
heated  phosphorus  implants  may  prove  beneficial  for  the  high-dose  case  because  residual  /2-type  com¬ 
pensation  from  damage  production  should  be  reduced. 

J.D.  Woodhouse 
M.C.  Gaidis* 


*Author  not  presently  at  Lincoln  Laboratory. 
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1.2  GalnAsP/InP  BURIED-HETEROSTRUCTURE  SURFACE-EMITTING  DIODE 
LASER  WITH  MONOLITHIC  INTEGRATED  BIFOCAL  MICROLENS 


A  first  attempt  has  been  made  to  monolithically  integrate  a  microlens  with  a  diode  laser.  The 
integrated  device  showed  a  narrow  beam  divergence  of  1.25°  and  is  potentially  advantageous  for  fiber 
coupling,  optical  interconnects  and  laser-array  applications. 

The  present  device  is  illustrated  in  Figure  1-3.  It  consists  of  a  microlens  on  one  side  of  the 
substrate  and  a  buried-heterostructure  (BH)  waveguide  gain  region  on  the  other  side,  which  are  coupled 
together  by  a  45°  mirror.  The  microlens  has  been  made  bifocal.  The  outer  portion  is  a  spherical  mirror, 
which  is  designed  to  reflect  the  light  back  to  the  BH  waveguide  and,  together  with  the  vertical  mirror 
on  the  other  end  of  the  waveguide,  forms  the  laser  resonant  cavity.  The  central  portion  is  a  collimating 
lens,  which  is  designed  to  fully  collimate  the  light  output  to  a  diffraction-limited  beam  divergence. 

The  device  was  fabricated  in  a  Sn-doped,  n- type  InP  substrate  with  both  sides  polished.  The 
measured  substrate  thickness  (-400  /xm)  became  the  focal  length  (or  the  radius  of  curvature  of  the 
spherical  mirror  portion)  in  the  microlens  design,  after  some  small  adjustments  had  been  made  to  allow 
for  layer  etching  and  growth  anticipated  in  subsequent  fabrication.  By  repeated  applications  of  pho¬ 
tolithography  and  chemical  etching,  a  10-step  cylindrical  mesa  with  an  overall  diameter  of  200  /x m  was 
formed  in  the  InP  substrate,  with  step  heights  accurately  controlled  for  the  desired  lens  profile  [8].  The 
wafer  was  then  mass-transported  at  870°C  to  form  the  microlenses  [8]. 

An  optical  micrograph  of  two  microlenses  is  shown  in  Figure  1  -4(a),  in  which  two  distinct  cur¬ 
vatures  can  be  seen  on  each  microlens.  The  bifocal  nature  is  more  clearly  demonstrated  by  the  formation 
of  two  distinct  images  (by  reflected  light  for  an  object  placed  near  the  microscope  light  source  [8])  as 
shown  in  Figures  1  -4(b)  and  (c).  Note  that  the  image  formed  by  the  spherical  mirror  portion,  shown  in 
Figure  l-4(c),  is  considerably  brighter  because  of  the  greater  light-gathering  power  of  that  portion.  In 
fact,  the  same  image  can  still  be  seen,  but  out  of  focus,  in  Figure  1  -4(b),  where  the  focusing  was 
optimized  for  the  other  image.  Also  note  that  the  two  images  show  a  2:3  ratio  in  size,  which  is  in  good 
agreement  with  the  present  bifocal  lens  design.  (In  the  present  device  configuration,  that  ratio  should 
always  be  (n  -  \)/n,  where  n  =  3.2  is  the  refractive  index  of  InP.) 

The  bifocal  microlens  has  also  been  investigated  by  stylus  surface  profiling  as  shown  in  Fig¬ 
ure  1-5  (solid  trace).  The  two  distinct  lens  portions  can  indeed  be  seen  and  are  in  good  agreement  with 
calculated  profiles,  of  which  the  spherical  one  is  shown  in  Figure  1-5  (dotted  curve).  We  believe  the 
accurate  bifocal  microlens  fabrication  has  been  made  possible  by  the  self-controlled  lens-forming 
process  [8]. 

After  the  microlens  fabrication,  liquid  phase  epitaxy  (LPE)  was  used  to  grow  the  GalnAsP/InP 
double  heterostructure  (1.3-/xm  emission  wavelength)  on  the  other  side  of  the  wafer.  A  pattern  of  thin 
crosses  was  then  etched  on  the  LPE  side.  The  wafer  was  subsequently  examined  under  an  infrared 
microscope  operated  in  a  transmission  mode  to  precisely  determine  the  position  of  the  thin  cross  mark 
with  respect  to  the  optical  axis  of  the  underlying  microlens.  The  latter  was  easily  located  by  the  concentrated 
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spot  of  light  produced  by  the  microlens  (see  Figure  1-6).  However,  error  could  be  introduced  from 
possible  tilt  of  the  microscope  stage  with  respect  to  the  microscope  light  source.  This  was  detected  and 
corrected  by  wafer  rotation.  Using  this  technique,  we  believe  the  position  obtained  was  within  0.5  /xm, 
an  accuracy  needed  in  the  placement  of  the  45°  mirror  for  efficient  coupling  between  the  spherical  mirror 
and  the  BH  waveguide. 
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Figure  1-3.  Longitudinal  cross-sectional  view  of  diode  laser  with  monolithic  integrated  bifocal  microlens. 
The  niicrolens  has  two  portions  with  different  curvatures  and  coatings  to  separately  optimize  the  optical 
feedback  and  beam  collimation.  The  GalnAsPUnP  gain  region  is  a  mass-transported  buried  heterostructure. 
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Figure  1-4 .  (a)  Optical  micrographs  of  two  bifocal  microlenses,  (b),  (c)  Images  formed 
by  collimating  lens  and  spherical  mirror  portions,  respectively. 
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Figure  1-5.  Stylus  surface  profiling  of  a  bifocal  microlens  (solid  trace)  and  a  calculated  exact  spherical 
profile  (dotted  curve). 


The  45°  and  vertical  mirrors  were  then  fabricated  by  chemical  etching  and  mass  transport  [9],  The 
45°  mirror  was  made  slightly  parabolic  to  favor  the  coupling  between  the  spherical  mirror  and  the  BH 
waveguide.  After  the  mirror  formation,  the  BH  waveguide  was  formed,  again  by  using  chemical  etching 
and  mass  transport  [9-1 1].  Figure  1-6  shows  micrographs  of  a  fabricated  wafer.  Note  that  the  45°  mirror 
and  the  BH  mesa  are  well  centered  to  the  concentrated  spot  of  light  produced  by  the  microlens. 

The  wafer  was  then  coated  with  a  0.4-/zm-thick  PSG  layer  on  the  BH  side  and  a  0.23-/xm-thick 
(quarter  wavelength)  SiO^  layer  on  the  rt-side.  Alloyed  Au/Zn  contacts  were  formed  in  the  PSG  open¬ 
ings  on  the  BH  mesas,  and  Au/Sn  alloyed  contacts  were  then  formed  in  the  Si02  openings  in  regions 
outside  the  microlenses.  The  rt-side  was  subsequently  coated  by  a  Ti/Au  evaporation,  except  the  colli¬ 
mating  lens  portion,  where  the  SiO?  layer  was  retained  as  an  antireflection  coating  (see  Figure  1-3).  The 
BH  side  was  then  sputtered  with  Ti/Pt/Au  and  the  wafer  was  saw-cut  to  yield  individual  devices. 

The  devices  were  tested  junction-side  down  under  room-temperature  pulsed  operation.  The  light 
output  vs  current  characteristic  of  a  device  with  92-mA  threshold  current  is  shown  in  Figure  l-7(a).  The 
lowest  threshold  obtained  was  70  mA.  Although  very  low  threshold  current  has  not  been  achieved  in  the 
present  work,  we  believe  this  is  not  owing  to  fundamental  limitations.  Threshold  and  power  approach¬ 
ing  those  of  the  conventional  devices  should  be  achievable  with  further  development  of  microlens  and 
mirror  fabrication  technologies  and  improved  integration  skills  (front-and-back  wafer  handling,  and 
precision  alignment  and  etching). 
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Figure  l  -6.  Micrographs  of  an  integrated  lens-laser  structure  ( before  metallization )  obtained 
by  (a)  reflected  visible  light  and  (b)  transmitted  infrared.  The  underlying  microlenses  and  the 
concentrated  spots  of  light  they  produce  are  clearly  seen  in  the  infrared  micrograph. 


Narrow  beam  divergence  has  been  observed  as  shown  in  the  far-field  scan  in  Figure  l-7(b).  The 
measured  full  width  at  half-maximum  of  the  central  lobe  is  1.25°  and  is  close  to  the  diffraction-limited 
beam  divergence  of  a  70-/xm-diam.  aperture  [12].  The  sidelobes  resemble  diffraction  rings  but  with 
higher  intensities  and  some  irregularities.  This  could  be  a  result  of  possible  morphological  defects 
observed  on  some  microlenses  (caused  by  insufficient  wafer  protection  during  mass  transport),  a  possible 
small  deviation  from  the  ideal  lens  profile,  or  a  slightly  off-centered  detector  in  the  far-field  scan. 
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Figure  1-7.  (a)  Light  output  vs  current  characteristic  and  (b)  far -field  pattern  of  a  monolithic  lens-laser. 
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In  conclusion,  monolithic  integration  of  a  microlens  with  a  diode  laser  has  been  demonstrated.  A 
bifocal  microlens  has  been  proposed  and  fabricated,  which  is  ideally  suited  for  the  present  application. 
A  technique  has  been  developed  to  achieve  accurate  alignment  between  the  microlens  and  the  small 
region  of  gain.  Further  perfection  of  the  fabrication  technologies  is  needed  to  achieve  threshold  and 
power  performance  approaching  those  of  the  conventional  diode  lasers. 

Z.L.  Liau  L.J.  Missaggia 

J.N.  Walpole  D.E.  Mull 
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2.  QUANTUM  ELECTRONICS 


2.1  STARTING  DYNAMICS  OF  A  PASSIVELY  MODE-LOCKED  Ti:Al203  LASER 

With  the  discovery  of  mode  locking  using  an  optical  fiber  in  a  coupled  cavity  [1-4],  a  new  class 
of  easily  controlled,  tunable,  femtosecond-pulse  lasers  may  be  realized.  A  problem  in  the  development 
of  such  devices,  however,  is  the  need  to  actively  mode  lock  the  laser  to  initiate  passively  mode-locked 
operation  [1,2].  The  Ti:Al203  laser  with  self-starting  mode  locking  [4]  simplifies  the  fabrication  of 
coupled-cavity  mode-locked  lasers  by  eliminating  the  need  for  active  mode  locking,  which  has  the 
beneficial  effect  of  improving  stability. 

We  have  studied  the  dynamics  of  self-starting  to  understand  how  a  laser  with  an  extremely  weak 
nonlinearity  becomes  passively  mode  locked.  Our  observations  show  that  mode-locked  pulses  form  by 
successive  narrowing  of  the  mode-beating  modulation  in  CW  operation  with  a  constant  pulse-shortening 
rate.  Despite  the  fact  that  the  self-phase  modulation  in  the  fiber  brings  about  a  phase  shift  of  10  3  rad, 
the  transition  from  continuous  to  mode-locked  operation  occurs  in  only  230  /is.  The  self-starting  dynam¬ 
ics  depends  upon  the  phase  of  the  feedback  from  the  coupled  cavity  with  distinct  regimes  observed  for 
continuous,  self-starting  mode-locked,  and  sustained  mode-locked  operation. 

The  passively  mode-locked  TiiAfO^  laser  is  shown  in  Figure  2-1.  When  pumped  by  an  argon-ion 
laser  at  5.4  W,  the  Ti:ALO^  laser  with  a  15-cm  optical  fiber  produces  chirped  pulses  of  1.4-  to  3-ps 
duration  with  an  average  power  of  300  mW  at  a  repetition  rate  of  80  MHz.  By  using  an  external  grating 
pair  for  dispersive  compensation  of  the  chirp,  200-fs  pulses  are  obtained.  To  evaluate  the  self-starting 
dynamics,  the  beam  in  the  external  cavity  is  mechanically  chopped  while  the  output  and  the  second- 
harmonic  signal  are  monitored  with  photodiodes.  The  length  of  the  coupled  cavity  is  selected  to  produce 
the  shortest  starting  time. 

Shown  in  Figure  2-2  are  the  output  power  monitored  with  a  slow  photodiode  (l-/xs  rise  time),  the 
ouput  power  monitored  with  a  fast  photodiode  (1-ns  rise  time),  and  the  second-harmonic  signal.  The 
slow  photodiode  trace  [Figure  2-2(a)]  demonstrates  that  after  a  transient  of  ~  40  jjls  associated  with  the 
opening  of  the  coupled  cavity,  the  average  output  power  is  constant.  The  constant  average  output 
indicates  that  Q-switching  of  the  laser  by  opening  the  coupled  cavity  is  not  important  for  self-starting. 
Another  implication  of  the  constant  average  power  is  that  the  energy  in  a  single  pulse,  r/,  where  r  is  the 
pulse  duration  and  /  is  the  peak  intensity,  is  fixed.  Thus,  the  peak  intensity  is  inversely  proportional  to 
the  pulse  duration. 

The  fast  photodiode  trace  [Figure  2-2(b)]  indicates  that  the  pulses  shorten  until  the  1-ns  limit 
imposed  by  the  rise  time  of  the  detector  is  reached  after  220  jjls.  Allowing  for  the  finite  bandwidth,  we 
find  that  the  pulse  duration  decreases  from  6  to  1  ns  with  a  constant  pulse-shortening  rate  of  0.3  ps  per 
round-trip. 

Between  220  and  230  jjls  after  the  coupled  cavity  is  opened,  the  second-harmonic  signal  [Fig¬ 
ure  2-2(c)]  rises  rapidly  to  a  steady-state  value,  indicating  that  picosecond  pulses  have  formed.  The 
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Figure  2-1.  Schematic  of  the  passively  mode-locked  Ti.AfO^  laser.  The  main  laser  cavity  is  astigmatically 
compensated  and  contains  only  the  gain  medium  and  a  hirefringent  tuning  plate.  The  coupled  cavity 
begins  at  output  coupler  Mq  and  terminates  at  the  mirror  butt-coupled  to  the  optical  fiber.  To  study  the 
self-starting  dynamics ,  the  coupled  cavity  is  opened  with  a  chopper  while  the  output  power  and  second- 
harmonic  signal  are  monitored.  BS,  beam  splitter ;  GRIN,  graded  index;  SHG,  second-harmonic  generator. 
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Figure  2-2.  Signals  from  Ti:AlfO 3  laser  showing  start-up  of  passive  mode  locking.  Output  power 
monitored  with  (a)  a  slow  photodiode  and  (b)  a  fast  photodiode ,  and  (c)  the  second-harmonic  signal 
monitored  with  a  slow  photodiode. 
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signal  is  proportional  to  z  I  and  is  also  inversely  proportional  to  pulse  duration,  since  the  energy  in  the 
pulse,  r  /,  is  constant.  The  transition  time  of  10  fis  for  the  second-harmonic  signal  to  rise  from  baseline 
(50  ps)  to  steady  state  (2  ps)  implies  a  pulse-shortening  rate  consistent  with  that  seen  in  Figure  2-2(b). 

These  results  confirm  that  passive  mode  locking  starts  from  mode  beating  of  the  laser.  The  main 
cavity  alone  showed  strong  sinusoidal  mode  beating  with  50-percent  modulation  and  a  4-ns  period.  With 
the  coupled  cavity  open  but  at  power  levels  where  the  mode  locking  did  not  self-start,  the  mode-beating 
modulation  increased  to  80  percent  with  a  12.5-ns  period  equal  to  the  round-trip  time  in  the  cavity.  At 
higher  power  levels,  pulses  evolved  from  this  mode-beating  modulation  into  the  self-starting  mode- 
locked  operation. 

Figure  2-3  shows  the  second-harmonic  signal  for  a  scan  of  one-half  wavelength  (400  nm)  of  the 
coupled  cavity.  The  operating  state  of  the  laser  depends  on  the  phase  difference  between  the  main  laser 
cavity  and  the  coupled  cavity  and  on  the  direction  of  the  scanning.  For  a  range  of  phase  the  laser  is 
bistable,  and  mode-locked  operation  can  be  sustained  but  self-starting  does  not  occur.  In  the  self-starting 
region  the  laser  is  mode  locked  while  scanning  in  either  the  forward  or  backward  direction.  When  this 
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Figure  2-3 .  Second-harmonic  signal  and  pulse  duration  as  a  function  of  the  change  in  length  of  the 
external  cavity.  Lack  of  a  second-harmonic  signal  indicates  continuous  operation;  generation  of  a  second- 
harmonic  signal  while  scanning  in  either  the  forward  or  backward  direction  indicates  self-starting  mode- 
locked  operation;  bistability  indicates  sustained  mode-locked  operation. 
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region  extends  over  a  wide  range  of  phases  the  laser  has  good  stability,  although  pulses  are  longer  than 
in  the  region  of  sustained  mode  locking.  In  the  region  of  continuous  operation  the  effect  of  the  coupled 
cavity  is  to  increase  the  pulse  width,  so  mode  locking  cannot  be  sustained. 

The  self-starting  range  and  pulse  stability  are  significantly  affected  by  laser  power,  fiber  length, 
fiber  dispersion,  and  gain  bandwidth.  As  expected,  the  self-starting  range  decreases  with  low  power  in 
the  fiber,  resulting  in  less  stable  operation.  To  achieve  a  wider  self-starting  range  at  low  power,  the  use 
of  fibers  longer  than  20  cm  has  been  attempted.  However,  this  results  in  system  instabilities  or  double 
pulsing  caused  by  excessive  nonlinear  phase  modulation.  To  stabilize  the  system  the  gain  bandwidth 
must  be  restricted,  such  as  by  use  of  two-  or  three-plate  birefringent  filters.  Dispersion  in  the  fibers  is 
important  because  of  the  different  group  and  phase  velocities,  both  of  which  are  critical  in  the  passively 
mode-locked  operation  of  the  laser. 

These  results  on  self-starting  dynamics  in  a  Ti:AfO^  laser  suggest  approaches  for  realizing  passive 
mode  locking  in  other  systems,  such  as  the  Nd:YAG  laser,  where  pulses  of  10  ps  may  be  possible. 

J.  Goodberlet*  J.G.  Fujimoto* 

J.  Wang*  P.A.  Schulz 


2.2  FREQUENCY-CHIRPEI)  Nd:YAG  LASER 

A  Nd:YAG  laser  with  a  fast,  linear  frequency  chirp  has  been  built  for  use  in  a  frequency-chirped 
radar.  The  advantage  of  frequency  chirping  is  that  bandwidth-limited  range  resolution  can  be  achieved 
with  long  pulses  having  low  peak  intensity,  and  thus  potential  optical  damage  can  be  avoided.  In 
addition,  ambiguities  associated  with  the  range  and  Doppler  shift  of  the  target  can  be  minimized. 

The  laser  operating  at  1.06  /im  consisted  of  a  Nd:YAG  crystal,  a  Brewster-cut  MgO-doped  LiNbO^ 
crystal,  and  an  end  mirror  (see  Figure  2-4).  The  cavity  was  formed  by  a  high-reflectivity  coating  on  one 
end  of  the  Nd:YAG  crystal  and  the  10-percent  transmitting  end  mirror.  The  pump  source  was  a  Ti:Al20^ 
laser  tuned  to  808  nm.  The  frequency  chirp  was  obtained  by  applying  a  voltage  ramp  across  the  LiNbOv 

The  laser  was  operated  single  frequency  at  20  percent  above  threshold;  at  higher  powers  a  second 
mode  was  observed.  At  an  input  power  of  30  mW  the  output  power  was  0.8  mW.  The  laser  ran  single 
frequency  up  to  20  percent  above  threshold  because  the  absorption  length  (2  mm)  of  the  Nd:YAG  crystal 
was  very  short.  Other  longitudinal  modes,  which  could  take  advantage  of  the  excess  gain  between  spatial 
hole  burning  regions,  occur  far  enough  from  the  peak  of  the  Nd3+  profile  that  they  have  significantly 
lower  gain.  During  multimode  operation,  the  modes  were  separated  by  multiples  of  8  GHz.  The  8-GHz 
spacing  was  consistent  with  etaloning  caused  by  the  end  surfaces  of  the  Nd'.YAG  crystal. 

To  provide  the  required  radar  waveform,  a  series  of  ten  140-ns-long  sawtooth  voltage  pulses  were 
applied  to  the  LiNbO^  crystal.  A  function  generator  formed  each  sawtooth  pulse  with  20  voltage  steps; 
the  pulses  were  then  amplified  by  50  dB  using  a  25-W  linear  RF  amplifier  (250  kHz  to  150  MHz).  This 


*  MIT  Department  of  Electrical  Engineering  and  Computer  Science  and  Research  Laboratory  of  Electronics. 
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Figure  2-4.  Schematic  of  the  frequency-chirped  Nd:YAG  laser.  The  Nd:YAG  laser  consists  of  a 
Nd:YAG  rod  with  a  high-reflectivity  mirror  coated  on  one  end ,  a  Brewster-cut  LiNbO ^  crystal  acting  as 
an  electrooptic  phase  modulator ,  and  an  end  mirror  (R  =  7.5  cm)  with  10-percent  transmission.  The 
voltage  applied  across  the  LiNhO  ?  is  produced  by  a  function  generator  and  a  25 -W  RF  amplifier.  The 
laser  output  is  heterodyned  against  the  single-frequency  output  of  a  mic  rochip  laser. 
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Figure  2-5.  (a)  Output  of  the  function  generator.  This  RF  signal  is  amplified  by  50  dB  and  applied  to  the 
electrooptic  phase  modulator.  The  laser  output  frequency  should  be  linearly  related  to  the  applied  voltage, 
(b)  Heterodyne  signal  betw  een  the  frequency-chirped  laser  and  the  stable  laser,  (c)  Computer-calculated 
heterodyne  signal  for  an  initial  frequency  difference  of  4  MHz,  frequency  chirp  of  140  MHz,  and  chirp  time 
of  120  ns.  The  calculated  and  measured  waveforms  are  in  good  agreement;  the  discrepancies  arise  from 
pickup. 
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amplifier  worked  well  for  the  7-MHz  repetition  rate  sawtooth  waveform,  but  showed  appreciable  non¬ 
linearity  for  waveforms  that  had  frequency  components  below  4  MHz.  A  linearity  of  1  percent  is 
required  to  suppress  the  range  sidelobes  by  30  dB. 

Figure  2-5  shows  a  heterodyne  beat  note  between  the  chirped  laser  and  a  single-frequency  micro¬ 
chip  laser.  On  the  assumption  that  the  measured  dc  response  of  the  electrooptic  tuner  is  equal  to  its  high- 
frequency  response  (as  expected  in  LiNb03),  the  applied  voltage  has  been  converted  to  frequency  (see 
Figure  2-5).  The  heterodyne  beat  note  is  compared  with  the  calculated  beat  note  assuming  a  140-MHz 
chirp.  The  good  agreement  between  experiment  and  calculation  indicates  that  the  frequency  chirp  occurs 
in  120  ns  with  a  20-ns  reset  time.  This  frequency-chirped  Nd:YAG  laser  should  be  a  useful  source  for 
a  frequency-chirped  laser  radar  at  1.06  /a m. 

S.R.  Henion 
P.A.  Schulz 

2.3  SUM-FREQUENCY  GENERATION  OF  SODIUM-RESONANCE  RADIATION 

Development  has  been  completed  of  a  solid  state  source  of  long-pulse-length,  sodium-resonance 
radiation.  This  radiation  was  generated  by  sum-frequency  mixing  the  output  of  a  1.064-/Am  Nd:YAG 
laser  with  the  output  of  a  1.319-/Am  Nd:YAG  laser.  Each  laser  was  operated  at  10-Hz  repetition  rate  and 
with  a  pulse  length  of  about  100  /as.  By  operating  these  lasers  at  wavelengths  very  close  to  the  peak  of 
their  tuning  curves,  it  was  possible  to  match  the  wavelength  of  the  sum-frequency  radiation  to  that  of 
the  sodium  absorption  wavelength  [5]. 

The  most  important  consideration  involved  in  the  efficient  sum-frequency  mixing  of  long-pulse 
Nd:YAG  laser  radiation  is  the  attainment  of  high  laser  intensities  in  the  nonlinear  crystal.  Because  the 
laser  pulse  lengths  are  so  long,  the  average  power  per  pulse  is  relatively  low  (1  J/100  /as  =  10  kW). 
Simultaneous  mode  locking  of  both  laser  oscillators  can  increase  the  peak  powers.  In  addition,  substan¬ 
tial  focusing  of  the  laser  radiation  will  raise  the  peak  intensities  to  levels  consistent  with  efficient  sum- 
frequency  mixing.  As  a  result  of  the  focusing  of  laser  radiation,  the  nonlinear  crystal  is  subject  to  both 
high  peak  intensities  and  very  high  fluences.  Lithium  iodate  is  the  only  crystal  we  have  yet  found  that 
can  sustain  these  high  intensities  and  fluences  and  generate  sum  radiation  with  high  conversion  efficien¬ 
cies.*  Unfortunately,  lithium  iodate  has  a  very  narrow  acceptance  angle  for  mixing.  This  narrow  accep¬ 
tance  angle  along  with  the  need  for  substantial  focusing  of  the  input  radiation  requires  that  the  Nd:YAG 


*  A  new  crystal,  lithium  triborate  (LBO),  is  presently  being  investigated.  This  crystal  has  a  very  large  angular 
acceptance  and  a  large  temperature  acceptance  (several  degrees  Celsius)  and  is  reputed  to  have  a  very  high 
damage  threshold.  Moreover,  this  crystal  can  be  temperature  tuned  and  noncritically  phase  matched  for  sum- 
frequency  mixing  of  1.06-  and  1.32-/jtm  radiation. 
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laser  radiation  have  near-diffraction-limited  beam  quality.  As  a  result  we  operated  the  laser  oscillators 
in  the  TEM(K)  spatial  mode.* 

Both  the  1.06-  and  1.32-pim  NdrYAG  lasers  were  configured  as  master  oscillators  followed  by 
power  amplifiers  (Figure  2-6).  Each  1.5-m-long  oscillator  consisted  of  a  40-percent  output  coupler,  a 
flash-lamp-pumped  NdrYAG  rod,  a  beam  expanding  telescope  (for  greater  mode  filling  of  the  NdrYAG 
rod),  a  dielectric  polarizer,  a  0.5-cm-long  antireflection-coated  lithium  iodate  crystal,  an  acoustooptic 
mode  locker,  and  a  high  reflector  with  a  7-m  radius  of  curvature.  An  intracavity  aperture  restricted  laser 
oscillation  to  the  TEM^  cavity  mode  for  both  NdrYAG  lasers.  The  lithium  iodate  crystals  served  to 
suppress  laser  spiking  through  intracavity  second-harmonic  generation  [6].  The  1.32-pim  laser  cavity 
contained  a  dichroic  mirror  (transmission  at  1.32  and  reflection  at  1.06  ^m)  for  the  suppression  of 
1.06-pim  parasitic  laser  oscillation.  The  1.06-^tm  oscillator  produced  160  mJ/macropulse  at  10  Hz  and 
the  1.32-/Ltm  oscillator  produced  110  mJ/macropulse  at  10  Hz  synchronously  with  the  1.06-^m  macro¬ 
pulses.  Each  macropulse  was  100  jx s  long  and  consisted  of  a  train  of  mode-locked  micropulses  0.5  to 
1.0  ns  long  and  spaced  at  intervals  of  10  ns.  The  acoustooptic  mode  lockers  were  driven  by  a  single¬ 
frequency  source  so  that  the  mode-locked  laser  micropulses  would  be  phase  locked.  The  relative  phase 
of  the  mode-locker  drive  signals  was  adjusted  so  that  the  micropulses  from  the  1 .06-  and  1 32-/xm  lasers 
overlapped  in  time  at  the  sum-frequency  mixing  crystal. 

The  output  of  the  1.06-^m  laser  oscillator  passed  through  a  Pockels  cell  for  the  elimination  of  the 
first,  and  only,  relaxation  oscillation  on  the  laser  pulse.  (We  have  found  that  the  temporal  overlap  of  the 
initial  relaxation  oscillation  from  either  Nd:YAG  laser  with  any  part  of  the  other  laser  pulse  is  very  likely 
to  result  in  damage  to  the  sum-frequency  mixing  crystal.)  The  1.06-jum  radiation  passed  through  a  beam 
expander  and  then  through  a  Nd:YAG  amplifier,  and  after  amplification  had  an  energy  of  1  J.  The  output 
of  the  \32-/xm  laser  oscillator  was  amplified  in  a  two-stage  amplifier.  The  1.32-/xm  radiation  passed 
directly  into  a  beam  expander  and  was  then  double-passed  through  the  first-stage  Nd:YAG  amplifier. 
This  radiation  was  then  passed  through  a  90°  polarization-rotator  quartz  crystal  in  order  to  compensate 
the  thermally  induced  birefringence  in  the  two  amplification  passes.  The  laser  beam  was  then  reexpanded 
and  double-passed  through  the  second-stage  Nd:YAG  amplifier.  The  first-stage  amplifier  was  operated 
near  the  small-signal  limit  and  resulted  in  a  gain  of  about  4  while  the  second  stage  was  operated  nearer 
to  saturation  and  resulted  in  a  gain  of  only  2. 

After  amplification  the  1.32-^m  laser  radiation  had  an  energy  of  0.8  J.  Since  the  1.32-jum  laser 
pulse  had  an  initial  relaxation  oscillation,  this  pulse  was  timed  to  slightly  precede  the  1.06-juxn  pulse  so 
that  the  1.32-^im  relaxation  oscillation  did  not  overlap  in  time  with  any  1.06-/xm  radiation. 


*  It  should  be  possible  to  obtain  greater  diffraction-limited  energy  from  the  oscillators  by  configuring 
them  as  unstable  resonators  with  mirrors  that  have  a  Gaussian  reflectivity  profile  in  the  radial  direction. 
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Figure  2-6.  Nd:YAG  laser  system  for  long-pulse-length ,  sum-frequency  generation 
of  sodium-resonance  radiation. 


The  1.06-  and  1.32-jLim  radiation  were  each  passed  through  0.5-m  cylindrical  lenses  prior  to  being 
combined  on  a  common  beam  path  by  the  dichroic  mirror.  The  cylindrical  lenses  focused  the  beams  in 
the  dimension  to  which  the  nonlinear  crystal  is  least  angularly  sensitive.  This  was  done  in  order  to  keep 
the  infrared  energy  within  the  phase-matching  acceptance  angle.  By  focusing  1.0  J  of  1.06-/xm  radiation 
and  0.8  J  of  1.32-/xm  radiation  into  an  area  3  x  10  cm  in  a  2-cm-long  lithium  iodate  crystal,  we  have 
generated  as  much  as  0.5  J  of  sodium-resonance  radiation. 

T.H.  Jeys 
T.C.  Hotaling 
J.  Korn 


20 


2.4  PUMP  SOURCE  REQUIREMENTS  FOR  END-PUMPED  LASERS 


Relationships  between  the  properties  of  the  pump  beam  and  the  gain  medium  in  end-pumped  lasers 
have  been  derived.  A  novel  scheme  for  power  scaling  of  end-pumped  lasers  using  multiple  sources  is 
described  in  terms  of  these  relationships.  End-pumped  lasers  offer  the  advantages  of  high  efficiency  and 
good  beam  quality  over  side-pumped  lasers.  However,  it  has  been  argued  that  scaling  the  output  power 
from  these  devices  is  limited  because  only  a  few  sources  can  be  focused  into  the  fundamental  mode  of 
the  laser.  Some  techniques  that  have  been  used  to  increase  the  number  of  pump  sources  in  end-pumping 
include  polarization  coupling,  fiber  bundles  [7],  and  multiple  ends  [8,9].  Each  of  these  has  limitations. 
As  an  alternative,  we  have  demonstrated  and  analyzed  a  technique  that  uses  multiple  sources  based  on 
geometric  multiplexing  [10].  This  technique  is  compatible  with  the  other  techniques  for  additional  scaling. 
Here  we  present  the  results  of  an  analysis  for  matching  a  pump  source  to  an  end-pumped  laser  and  a 
description  of  geometric  multiplexed  pump  sources  based  on  these  results. 

For  an  efficient,  fundamental  transverse  mode,  end-pumped  laser,  two  conditions  must  be  satisfied. 
The  gain  medium  must  be  long  enough  to  absorb  a  large  fraction  of  the  pump  light,  and  the  pump 
radiation  must  be  focused  inside  the  cross  section  of  the  fundamental  mode  over  this  length  as  shown 
in  Figure  2-7.  The  bow-tie  region  in  the  figure  represents  the  pump  beam.  The  fundamental  mode  is 
assumed  to  have  a  constant  beam  radius  co()  in  the  gain  medium  and  defines  a  cylindrical  volume  into 
which  the  pump  light  must  be  focused.  With  the  above  geometric  constraint,  using  conservation  of 
radiance  of  the  pump  beam,  and  for  optimum  focusing  of  the  pump  beam  into  the  gain  medium,  we  have 
derived  approximate  relationships  between  the  pump  beam  properties  and  the  pump  intensity  and  unsatu¬ 
rated  single-pass  gain  that  can  be  attained. 
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Figure  2-7.  Schematic  of  the  fundamental  mode  with  radius  C0Q  and  the  pump  beam  with  waist  CO^ 
andfar-field  diffraction  angle  0p  in  the  gain  medium. 
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Conservation  of  radiance  implies  that  the  product  of  the  pump  beam  waist  and  the  far-field 
divergence  is  a  quantity  that  is  characteristic  of  the  pump  beam  and  must  be  conserved  through  optical 
transformation.  The  radiance  or  brightness  B  is  defined  as 

B  =  P j  {it(Q  p0Q  p)  ,  (2-1) 

where  P  is  the  pump  power  and  (0 '  and  6^  are  the  pump  beam  radius  and  far-field  divergence  angle 
as  shown  in  Figure  2-7.  The  optimum  focusing  condition  gives  the  best  trade-off  between  co  and  9 
to  achieve  the  maximum  pump  intensity  over  the  gain  medium  length.  The  result  is  summarized  by  the 
following  basic  equation  in  which  the  equality  corresponds  to  the  optimum  focusing  condition: 

/  <  n{BP)  1/2 /2L  ,  (2-2) 


where  /  is  the  pump  intensity  incident  at  the  gain  medium,  n  is  the  refractive  index  of  the  gain  medium, 
and  L  is  the  gain  medium  length  (chosen  to  be  on  the  order  of  one  absorption  length).  The  pump  intensity 
is  directly  related  to  the  resulting  unsaturated  single-pass  gain  T  of  the  pumped  laser.  For  an  ideal  four- 
level  laser 


[- 

Ap 

Jsj 

(2-3) 


where  Is  is  the  saturation  intensity  for  the  laser  transition  and  /XL  is  the  ratio  between  the  pump  and 
lasing  wavelengths. 

Equation  (2-2)  can  be  used  to  analyze  a  novel  scheme  for  end-pumped  solid  state  lasers  by 
geometric  multiplexing  of  multiple  diode  lasers.  Figure  2-8  shows  a  pump  source  composed  of  seven 
individual  sources  each  of  which  is  collimated  by  a  lens.  The  brightness  of  this  pump  beam  as  a  whole 
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Figure  2-8.  Schematic  of  a  pump  source  consisting  of  seven  individual  sources ,  each  of 
which  is  collimated  by  a  lens. 
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is  the  same  as  the  brightness  of  a  beamlet  from  a  single  source  with  its  collimating  lens,  which  in  turn 
is  determined  by  the  power,  size,  and  far-field  diffraction  angle  of  the  individual  source.  The  brightness 
is  constant  because  as  more  sources  are  added,  neither  the  intensity  nor  the  far-field  diffraction  angle  of 
the  pump  beam  as  a  whole  changes.  Thus,  in  terms  of  Equation  (2-2),  one  can  obtain  for  this  case  7  1  “ 
times  higher  pump  intensity  and  7  times  higher  power  from  the  pump  beam  as  a  whole  compared  with 
a  single  source.  As  even  more  sources  are  added  the  pump  power  and  intensity  increase  further.  Geometric 
multiplexing  should  be  useful  in  building  high-power  and  high-energy  lasers  operating  in  a  fundamental 
transverse  mode  using  two-dimensional  arrays  of  diodes  collimated  with  two-dimensional  arrays  of 
lenslets. 

In  summary,  equations  that  relate  the  pump  beam  properties  and  the  gain  medium  properties  in 
end-pumped,  fundamental  transverse  mode  lasers  have  been  derived.  These  equations  are  useful  in  the 
analysis  of  geometrically  multiplexed,  multiple  diode  laser  pumped  lasers. 

T.Y.  Fan 
A.  Sanchez 

2.5  LIMITS  IMPOSED  BY  SPATIAL  HOLE  BURNING  ON  THE  SINGLE-MODE 
OPERATION  OF  MICROCHIP  LASERS 

Spatial  hole  burning  imposes  an  upper  limit  on  the  power  level  at  which  microchip  lasers  [11]  will 
operate  in  a  single  longitudinal  mode.  Let  us  assume  that  the  microchip  laser  contains  a  homogeneously 
broadened  gain  medium  of  length  t .  If  the  round-trip  loss,  and  therefore  the  round-trip  gain,  of  the 
cavity  are  relatively  low,  a  well-defined  standing-wave  intensity  pattern  will  develop.  (For  cavities  with 
a  large  round-trip  loss  the  intensity  of  the  modes  would  not  oscillate  as  strongly  in  space,  and  the  effects 
of  spatial  hole  burning  would  be  reduced.  This  would  allow  single-mode  operation  at  higher  power  levels 
than  indicated  by  the  following  equations.)  If  a  plane-wave  approximation  is  made  for  the  transverse 
mode  profile,  the  intensity  of  mode  m  within  the  microchip  laser  can  be  written  as 

lm(z)  =  4lm  sin2(2;rr/Am)  ,  (2-4) 

where  /  is  the  intensity  of  the  beam  traveling  in  one  direction  within  the  laser  cavity,  Xm  is  the 
wavelength  and  z  is  the  dimension  along  the  cavity  axis.  The  laser  cavity  is  located  between  z  =  0  and 
z  =  l .  Assuming  that  spatial  cross-relaxation  of  the  inverted  population  is  slow  compared  with  the 
stimulated  relaxation  of  the  inversion  density,  we  can  write  the  CW  rate  equations  for  each  of  the 
oscillating  modes  as 

°m\l  W(z)  lm(z)  dz  =  ymlm  ,  (2-5) 

and  for  the  inversion  density  N(z) 

P(z)  =  ]T<7m/V(z)  Im(z)/tuom+N(z)/  teff  ,  (2-6) 

m 
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where  P(z)  is  the  pump  rate,  Om  is  the  value  of  the  emission  cross  section  at  the  frequency  corresponding 
to  mode  m,  y  is  the  total  round-trip  loss  for  mode  m  (including  transmission  through  the  cavity  mirrors), 
a>m  is  the  lasing  frequency  of  mode  m,  and  Teff  is  the  relaxation  time  for  the  inversion  density  in  the 
absence  of  stimulated  emission.  Spatial  cross-relaxation,  if  included,  would  tend  to  wash  out  the  spatial 
holes  in  the  inversion  density,  and  would  lead  to  single-mode  operation  at  higher  power  levels  than 
indicated  by  the  results  obtained  below. 

We  can  immediately  solve  for  the  inversion  density  N(z).  For  single-mode  operation 


N(z) 


Nq(=)  ^ 

l  +  /](z)/ /sat>1 


(2-7) 


where  NQ(z)  is  the  inversion  in  the  absence  of  saturation  and  is  proportional  to  the  local  pump  rate,  /((z) 
is  the  intensity  of  the  lasing  mode,  and  /  is  the  saturation  intensity  at  the  lasing  frequency  <w  ,  given 
as 


_  tuo  i 

/sat,l  — 

a\Tefi 


(2-8) 


If  we  assume  that  l  is  much  greater  than  and  that  /V()(z)  changes  much  more  slowly  with  z  than 
sin2(2^z/A1),  both  valid  assumptions  for  microchip  lasers,  Equations  (2-4),  (2-5),  and  (2-7)  can  be 
combined  to  yield  a  condition  for  single-mode  operation. 


(N)<a  1.2)  /vthresh 


(2-9) 


where  the  indices  1  and  2  correspond  to  the  first  and  second  mode  to  lase,  (N)  is  the  average  inversion 
density, 

(N)=l-foN0(z)d=  ,  (2-10) 

^thresh  *s  threshold  f°r  lasing, 

^thresh  =T2L-  ,  (2-11) 

2  (T  y£ 

and  £(1,2)  is  the  ratio  of  the  maximum  single-mode  inversion  density  to  the  threshold  inversion  density, 
and  is  a  function  of  the  cavity  parameters,  the  gain  cross  sections  at  the  frequencies  corresponding  to 
modes  1  and  2,  and  the  phase  relationship  between  modes  1  and  2 


/3(!.2>-<lKU))  f2[P(1.2)-(r(W)>]  ,| 

1-0<1,2))  |  I-(V'(U))  "J- 

The  discrimination  factor  >3(1 ,2)  is  given  by 


(2-12) 


>3(1,2)  =  ^2. 

a2y, 


(2-13) 
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and  the  correlation  factor  (i//(l,2)}  is  the  weighted  average  value  of  the  cosine  of  the  phase  difference 
between  the  standing-wave  intensity  patterns  generated  by  modes  1  and  2.  For  a  longitudinally  pumped 
microchip  laser 


(y/(l,2))  =  l/[l  +  (2;rAm/ a?)2]  , 


(2-14) 


where  a  is  the  absorption  coefficient  at  the  pump  wavelength  and  Am  is  the  difference  in  the  longitudinal 
mode  numbers  of  modes  1  and  2.  If  we  model  the  gain  profile  of  the  microchip  laser  as  a  Lorentzian, 
the  discrimination  factor  /?  ( 1 ,2)  is  given  by 


/?(1,2)  =  1  +  [AA(1,2)/ Ahalf ]2  , 


(2-15) 


where  A^alf  is  the  half-width  of  the  Lorentzian  and  AA(1,2)  is  the  difference  in  wavelength  between  the 
first  mode  to  oscillate  (mode  1)  and  a  potential  second  mode  (mode  2) 


AA(1,2)  =  A/wAq  /  2n£  , 


(2-16) 


in  which  AQ  is  the  wavelength  at  the  gain  peak,  and  n  is  the  refractive  index  of  the  gain  medium. 

As  an  example,  consider  a  Nd:YAG  microchip  laser  operating  at  a  wavelength  of  1.32  /xm.  Let 
one  of  the  mirrors,  the  pump  mirror,  be  highly  reflecting  at  all  potential  lasing  frequencies  (R  >  99.9  percent) 
and  highly  transmitting  at  the  pump  wavelength.  Let  the  other  mirror,  the  output  coupler,  have  a  flat 
reflectivity  over  the  gain  peak  at  1.32  pan  and  a  greatly  reduced  reflectivity  at  all  other  gain  peaks,  so 
that  only  the  \  32-pan  peak  needs  to  be  considered.  At  room  temperature,  the  1 32- pan  gain  peak  can 
be  approximated  as  a  Lorentzian  with  a  half-width  of  0.4  nm.  Assume  that  the  microchip  laser  is 
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Figure  2-9.  Inversion  ratio  £{7 ,2)  as  a  function  of  cavity  length  £  for  a  longitudinally 
pumped  laser  cavity  completely  filled  with  Nd.YAG  (see  inset),  operating  at  1 .32  pm. 


25 


pumped  with  a  diode  laser  at  808  nm,  and  that  the  Nd  concentration  is  such  that  the  absorption  length 
for  the  pump  is  1  mm.  We  will  neglect  any  reflection  of  the  pump  light  by  the  output  coupler.  The 
question  we  will  ask  is:  how  does  the  maximum  single-mode  power  change  as  the  cavity  length  is 
changed?  To  simplify  the  analysis  we  will  change  the  cavity  length  discretely,  such  that  one  of  the  cavity 
modes  always  falls  at  the  peak  of  the  gain  profile.  This  will  always  be  the  first  mode  to  lase.  The  smallest 
value  of  the  inversion  ratio  £(1,2)  corresponds  to  Am  =  1  for  all  cavity  lengths,  and  is  plotted  as  a 
function  of  cavity  length  in  Figure  2-9. 

J.J.  Zayhowski 

2.6  THERMAL  WAVEGUIDING  IN  MICROCHIP  LASERS 

In  a  longitudinally  pumped  microchip  laser  the  planar  uniformity  of  the  cavity  is  broken  by  the 
pump  beam,  which  deposits  heat  as  it  pumps  the  crystal.  The  heat  diffuses  outward  from  the  pump  beam, 
resulting  in  a  radially  symmetric  temperature  distribution.  For  materials  with  a  positive  dn/dT ,  such  as 
Nd:YAG,  this  results  in  a  thermal  waveguide. 

To  study  the  waist  size  of  the  lasing  mode  in  a  microchip  laser,  a  charge  injection  device  (CID) 
camera  was  used  to  measure  the  diameter  of  the  output  beam  in  the  far-field.  The  far-field  beam  diameter 
was  used  to  calculate  the  divergence  of  the  beam.  Since  the  far-field  beam  profile  of  the  microchip  lasers 
is  a  circularly  symmetric  Gaussian,  the  radius  of  the  waist,  can  be  calculated  from  the  divergence 
angle  6  and  the  optical  wavelength  A  using  the  formula 

wo=A/tt0  .  (2-17) 

The  microchip  laser  used  in  these  experiments  consisted  of  a  circular  piece  of  Nd:YAG,  9  mm  in 
diameter  by  0.7  mm  thick.  One  side  of  the  Nd:YAG  (the  pump  side)  was  dielectrically  coated  to  be 
highly  reflecting  at  1.064  /im  and  to  transmit  the  pump  light.  The  other  side  (the  output  side)  was  coated 
to  be  1 -percent  transmitting  at  1.064  /xm  and  to  reflect  the  pump  light.  The  microchip  laser  was  longi¬ 
tudinally  pumped  with  the  808-/xm  output  of  a  TkAl^O^  laser.  The  pump  spot  was  located  near  the  center 
of  the  Nd:YAG  crystal,  which  was  set  on  a  glass  window. 

Using  the  procedure  described  above,  we  measured  the  waist  size  of  the  beam  as  a  function  of 
pump  power.  For  this  experiment  the  pump  beam  was  tight-focused,  corresponding  to  a  pump  spot  of 
roughly  17  /xm  in  radius  at  the  pump  surface  of  the  microchip  laser.  The  experimental  results  are  shown 
in  Figure  2-10.  The  experiment  was  repeated  for  several  different  Nd:YAG  microchip  lasers  with  nearly 
identical  results. 

The  radius  of  the  oscillating  mode  in  the  microchip  laser  was  also  studied  as  a  function  of  pump- 
spot  radius.  The  pump  spot  was  varied  by  changing  the  distance  between  the  microchip  laser  and  the  lens 
used  to  focus  the  pump  light.  The  radius  of  the  pump  in  the  crystal  was  determined  from  a  measure  of 
the  pump  radius  at  the  waist,  a  measure  of  the  pump  radius  in  front  of  the  focusing  lens,  and  the  focal 
length  of  the  lens.  The  radius  recorded  for  the  experiments  corresponds  to  the  radius  at  the  pump  surface 
of  the  microchip  laser.  For  these  experiments,  the  total  pump  power  was  kept  constant  at  100  mW.  The 
experimental  results  are  shown  in  Figure  2-11. 


26 


140667  18 


Figure  2-10.  Waist  size  00 ;  of  the  TEM(  mode  of  a  microchip  laser  as  a  function 
of  incident  pump  power  P.  The  circles  represent  experimental  data.  The  solid 
curve  corresponds  to  (O2  =  5986V1  2  pm2,  with  P  in  watts. 
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Figure  2-11.  Waist  size  CO;  of  the  TEM(K)  mode  of  a  microchip  laser  as  a  function  of 
the  radius  of  the  pump  spot,  r  .  The  circles  represent  experimental  data.  The  solid 

7  IHC  j  7  1/7  7 

curve  corresponds  to  d)((  =  241  (75  +  r  f  )  pm  .  with  rjnc  in  micrometers. 


27 


Finally,  a  chopper  was  placed  in  the  path  of  the  pump  beam  to  see  if  the  pump  duty  cycle  had  an 
effect  on  the  radius  of  the  oscillating  mode.  The  chopper  blades  were  adjusted  to  pass  the  pump  beam 
only  8  percent  of  the  time,  at  a  frequency  of  ~3  kHz.  It  was  observed  that  the  waist  size  of  the  lasing 
mode  was  dependent  on  the  average  pump  power  incident  on  the  microchip  laser,  not  on  the  peak  power. 
This  eliminates  nonlinear  optical  effects  and  gain  guiding  as  possible  factors  in  determining  the  waist 
size  of  the  lasing  mode,  leaving  only  thermal  waveguiding. 


To  better  understand  the  experimental  results,  a  simple  model  of  thermal  waveguiding  in  the 
microchip  laser  was  developed.  The  thermal  distribution  caused  by  the  longitudinal  pumping  of  the 
microchip  laser  produces  a  change  in  refractive  index  of  the  form 

An  =  —  AT  ,  (2-18) 

dT 


where  dri/dT  is  the  linear  change  in  refractive  index  with  temperature,  including  the  effects  of  temperature- 
induced  stress.  To  solve  for  the  thermal  distribution  in  the  microchip  laser,  we  assume  that  all  the  heat 
flow  in  the  microchip  laser  is  directed  radially  away  from  the  cavity  axis,  with  an  infinite  heat  sink  at 
the  edges  of  the  crystal,  and  no  heat  sinking  on  either  of  the  mirrored  surfaces.  The  heat  in  the  crystal 
is  generated  by  the  pump  beam,  which  propagates  along  the  axis  of  the  laser  perpendicular  to  the 
mirrored  surfaces.  The  pump  beam  is  assumed  to  be  a  Gaussian  of  constant  amplitude,  with  an  effective 
radius  rp  centered  at  r  -  0,  depositing  heat  at  a  rate  Q 1  into  the  cavity  of  length  £  .  With  these 
approximations,  we  find  that  near  the  cavity  axis  the  refractive  index  takes  the  form 


with 


1  Qp  dn 
k  777^  1  dT 


(2-19) 


(2-20) 


where  k  is  the  thermal  conductivity  of  the  gain  medium.  For  a  material  with  constant  and  nf  there 
is  a  guided  Gaussian  beam  of  constant  radius  ft)(),  given  by 


COq 


A 

Tr(n0nT)l/2 


(2-21) 


where  X  is  the  optical  wavelength  of  the  beam  [12],  Combining  Equations  (2-20)  and  (2-21)  we  have 


con  =  Xr, 


£k 


"1 1/2 


7TQpn0(dn/dT) 


(2-22) 


To  compare  the  experimental  results 
proportional  to  the  incident  pump  power 


with  theory,  we  assume  that  the  rate  of  heat  generation  is 


QP  =  v  p 


(2-23) 
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and  postulate  that  the  effective  pump  radius  is  given  by 

'>=('0  +'inc)1/2  •  (2-24) 

where  rJn  is  the  radius  of  the  pump  at  the  pump  surface  of  the  microchip  laser.  Using  rj  and  rQ  as 
adjustable  parameters  we  are  able  to  obtain  a  good  fit  to  the  experimental  data,  corresponding  to 

ft>§  =  77(752  +ri2nc  )V2p-V2  Mm2  ,  (2-25) 

with  P  in  watts  and  r.  in  micrometers.  These  fits  are  shown  as  solid  curves  in  Figures  2-10  and  2-11. 
The  corresponding  value  of  7]  is  smaller  than  the  measured  heat-generating  efficiency  of  the  pump,  but 
is  of  the  proper  order  of  magnitude.  The  discrepancy,  along  with  the  large  value  of  is  most  likely  due 
to  the  simplifying  assumptions  used  in  the  thermal  modeling  of  the  microchip  laser.  The  fits  are  good 
enough,  and  the  experimental  results  repeatable  enough,  however,  to  make  Equation  (2-22)  a  useful 
model  for  the  microchip  laser  when  the  effective  pump  radius  and  the  experimental  values  of  rj  and  rQ 
are  used. 

Thermal  waveguiding  has  several  important  consequences  in  both  the  selection  of  the  gain  media 
for  microchip  lasers  and  the  performance  of  the  devices.  The  thermal  coefficients  of  the  gain  media 
determine  the  waist  size  of  the  lasing  mode.  The  properties  of  Nd:YAG  are  such  that  the  diameter  of 
the  thermally  guided  mode  is  much  larger  than  the  diameter  of  a  tightly  focused  pump  spot.  This  results 
in  an  output  beam  with  small  divergence.  As  long  as  the  pump  spot  is  much  smaller  than  the  waist  of 
the  lasing  mode,  the  transverse  quality  of  the  lasing  mode  will  be  insensitive  to  the  shape  of  the  pump 
spot.  The  transverse  quality  of  the  lasing  mode  is  determined  by  the  temperature  profile  of  the  microchip 
gain  medium,  which  smooths  out  irregularities  in  the  pump  profile.  This  accounts  for  the  good  TEM^ 
output  beams  that  have  been  obtained  from  diode-pumped  microchip  lasers  [13],  even  when  the  diodes 
were  operating  in  several  transverse  modes.  In  designing  miniature  microchip  laser  packages,  care  should 
be  taken  to  maintain  a  proper  temperature  profile  in  the  gain  medium. 

J.J.  Zayhowski 
R.C.  Hancock 


2.7  MIRROR  MISALIGNMENT  TOLERANCES  IN  MICROCHIP  LASERS 


To  study  the  tolerance  in  mirror  misalignment  on  Nd:YAG  microchip  lasers,  a  thermal  gradient 
was  imposed  on  the  microchip  laser  by  cooling  one  side  of  a  9-mm  microchip  wafer  and  heating  the 
other  side.  This  thermal  gradient  resulted  in  an  optic  wedge  between  the  two  mirrors,  with  a  wedge  angle 
given  by 


¥  = 


dn 

—  +  y  n  o 
dT  0 


(2-26) 
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Figure  2-12.  Far-field  patterns  of  the  microchip  laser  as  a  thermal  gradient  is  applied  across  the 
microchip  wafer.  The  pump  power  was  300  mW  focused  to  a  17- pm  radius  at  the  pump  surface  of 
the  microchip  laser.  The  magnitude  of  the  thermally  induced  optical  wedge  is  (a)  \|/  =  3  J  x  10  s 
rad ,  (b)  \\f  =  3.6  x  10 '5  rad,  (c)  \ {/  =  4.2  x  10' 5  rad,  and  (d)  \\f  =  9.2  X 10 '5  rad.  iMrge  white  areas 
correspond  to  saturation  of  the  C1D  camera. 
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where  dn/dT  is  the  direct  temperature-induced  variation  of  the  refractive  index  (dn/dT  =  9.05  X  lO  ^K'1 
at  1.064  /x m),  y  is  the  thermal  expansion  coefficient  (7  =  7  X  10'°  K'1),  n{]  is  the  refractive  index  (;/()  = 
1.8),  and  £  is  the  length  of  the  microchip  laser.  The  length  of  the  microchip  laser  used  in  these  experi¬ 
ments  was  700  ^m.  The  optical  wedge  has  the  same  effect  as  a  misalignment  of  the  cavity  mirrors  by 
the  same  angle,  but  can  be  more  easily  and  more  accurately  controlled. 

The  far-field  pattern  of  the  microchip  laser  was  observed  as  a  function  of  applied  thermal  gradient 
for  several  pump  powers.  It  was  found  that  for  a  tightly  focused  pump  beam,  the  thermal  gradient  at 
which  the  far-field  pattern  was  no  longer  circularly  symmetric  was  proportional  to  the  incident  pump 
power.  The  rest  of  the  experiment  described  in  this  section  corresponds  to  a  pump  power  of  300  mW. 
The  far-field  pattern  remained  circularly  symmetric  up  to  a  thermal  gradient  corresponding  to  i[/  = 
3.3  x  10  s  rad,  as  shown  in  Figure  2- 12(a).  With  a  slightly  larger  thermal  gradient  a  small  sidelobe 
began  to  develop  [Figure  2- 12(b)].  This  lobe  was  located  in  the  direction  of  the  hot  side  of  the  crystal 
and  had  an  intensity  well  below  the  intensity  of  the  main  peak.  With  further  increase  in  thermal  gradient, 
additional  sidelobes  appeared  [Figure  2- 12(c)].  The  intensity  of  the  sidelobes  increased  with  thermal 
gradient,  while  the  overall  intensity  of  the  microchip  laser  decreased.  By  the  time  the  thermal  gradient 
corresponded  to  1//  =  9.2  x  10"5  rad  the  sidelobes  had  smeared  into  a  continuous  tail  [Figure  2- 12(d)], 
and  the  intensity  of  the  microchip  laser  had  decreased  by  an  order  of  magnitude. 

The  mirror  misalignment  tolerance  for  the  microchip  laser  can  be  understood  in  terms  of  the 
thermal  waveguiding  effects  in  the  microchip  laser  [14].  The  thermally  induced  waveguide  can  be 
viewed  as  a  radially  dependent  change  in  the  optical  length  of  the  cavity.  We  expect  that  a  waveguided 
mode  cannot  exist  when  the  two  cavity  mirrors  are  out  of  parallel  by  an  angle  1//  that  is  comparable  to 
the  maximum  gradient  in  the  optical  cavity  length  associated  with  the  thermal  waveguide.  Using  the 
same  thermal  modeling  as  in  Reference  14,  we  find  that  the  first  sidelobe  observed  in  the  far-field 
intensity  pattern  of  the  microchip  laser  corresponds  to  a  mirror  misalignment  of  ~0.5  times  the  calcu¬ 
lated  maximum  thermally  induced  gradient  in  the  optical  cavity  length.  For  a  microchip  laser  similar  to 
the  one  used  in  the  experiments  described  here,  this  gives  a  mirror  misalignment  tolerance  of  i/f  = 
KT4  /*  .  rad,  where  P min  is  the  minimum  pump  power,  in  watts,  for  which  the  microchip  laser  should 
oscillate  in  a  circularly  symmetric  TEMfK)  mode. 

J.J.  Zayhowski 

R.C.  Hancock 
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3.  MATERIALS  RESEARCH 


3.1  PtSi  SCHOTTKY-BARRIER  FOCAL  PLANE  ARRAYS  FOR  MULTISPECTRAL 
IMAGING  IN  ULTRAVIOLET,  VISIBLE  AND  INFRARED  SPECTRAL  BANDS 

The  operation  of  Schottky-barrier  infrared  (IR)  detectors  is  based  on  internal  photoemission  at  the 
interface  between  a  thin  silicide  film  and  a  Si  substrate  [1].  Conventionally,  these  detectors  are  operated 
in  the  back-illumination  mode,  i.e.,  radiation  is  incident  on  the  surface  of  the  Si  substrate  opposite  from 
the  silicide  film.  The  IR  photons  with  energies  less  than  the  band  gap  of  Si  are  transmitted  through  the 
substrate  and  absorbed  in  the  silicide  film,  where  they  generate  the  electrical  carriers  that  produce  the 
detector  signal.  On  the  other  hand,  visible  and  ultraviolet  (UV)  photons,  which  have  energies  higher  than 
the  band  gap,  are  absorbed  in  the  Si.  The  absorption  depth  decreases  from  -5  pm  at  800  nm  to  -0.004  pm 
at  280  nm  [2],  Because  the  thickness  of  a  typical  Si  wafer  is  400  to  500  pm  and  transport  of  photogen¬ 
erated  carriers  toward  the  silicide-Si  Schottky-barrier  junction  occurs  primarily  by  diffusion,  carrier 
collection  is  slow  and  inefficient.  Furthermore,  for  the  shorter  absorption  lengths  a  large  fraction  of  the 
carriers  are  lost  by  surface  recombination.  Thinning  the  Si  substrate  to  a  thickness  comparable  to  the 
absorption  depth  could  improve  collection  efficiency  for  carriers  generated  in  the  Si,  but  this  technique 
has  several  drawbacks,  including  an  increase  in  processing  complexity  that  usually  causes  a  reduction 
in  device  yield. 

In  this  investigation,  we  have  shown  that  Schottky-barrier  diodes  consisting  of  a  2-nm-thick  PtSi 
film  on  a  p- type  Si  substrate  exhibit  excellent  photoresponse  in  the  visible  and  near-UV  regions,  as  well 
as  in  the  IR,  when  the  devices  are  operated  in  the  front-illumination  mode,  with  radiation  incident  on 
the  silicide  film.  In  addition,  we  have  demonstrated  high-quality  imaging  in  both  the  visible  and  3-  to 
5-/xm  spectral  bands  with  160  x  244-element  PtSi  focal  plane  arrays. 

The  structure  and  fabrication  procedures  for  the  PtSi  Schottky-barrier  detectors  are  similar  to  those 
reported  previously  for  back-illuminated  devices  [3].  Briefly,  the  detectors  are  fabricated  on  p-type  (100) 
Si  wafers  by  using  electron-beam  evaporation  to  deposit  a  1-nm-thick  Pt  film  in  an  ultrahigh  vacuum 
system  and  subsequently  annealing  in  situ  at  400°C  to  form  PtSi.  The  160  x  244-element  front-illuminated 
focal  plane  arrays  are  essentially  identical  to  those  previously  reported  [4]  for  back-illumination  operation 
except  that  the  front-side  optical  cavity  structure  has  been  eliminated.  Figure  3-1  shows  a  schematic 
cross  section  of  a  single  pixel.  Electrons  generated  by  UV,  visible,  and  IR  photons  are  accumulated  on 
the  PtSi  electrode  and  subsequently  transferred  to  the  buried  charge-coupled  device  (CCD)  channel.  An 
A1  light  shield  is  used  to  prevent  generation  of  carriers  in  the  CCD  channel  and  transfer  gate  by  above- 
band-gap  radiation.  The  pixel  area  is  40  x  80  gm"  and  the  active  detector  area  is  25  x  50  p m  ,  for  a 
fill  factor  of  39  percent. 

The  quantum  efficiency  of  individual  PtSi  detectors  was  measured  as  a  function  of  wavelength 
from  290  nm  to  7  pm.  The  quantum  efficiency  at  a  given  wavelength  was  found  to  be  nearly  independ¬ 
ent  of  temperature  in  the  range  from  10  to  80  K,  where  detector  dark  current  is  small  compared  with 
photocurrent.  Figure  3-2  shows  quantum  efficiency  as  a  function  of  wavelength  for  a  typical  front- 
illuminated  detector  at  50  K.  For  wavelengths  beyond  -1  pm,  corresponding  to  photon  energies  below 
the  band  gap  of  Si,  the  detector  response  is  produced  by  carriers  generated  by  absorption  in  the  PtSi  film. 
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Figure  3-1.  Schematic  diagram  showing  a  single  pixel  of  a  160  x  244-element  PtSi  focal  plane 
array  operated  in  the  front-illumination  mode. 


The  wavelength  dependence  in  this  region  is  similar  to  that  for  back-illuminated  Schottky-barrier  detec¬ 
tors,  with  the  efficiency  decreasing  from  ~  3  percent  at  1.5  pm  to  ~0.02  percent  at  6  fi m.  The  scatter 
of  the  data  beyond  5  pm  results  because  the  output  of  the  lamp  used  as  the  IR  source  drops  rapidly 
beyond  4  pirn. 

The  data  of  Figure  3-2  between  3.5  and  6.2  ^tm  have  been  used  to  obtain  the  plot  shown  in  Fig¬ 
ure  3-3,  where  the  square  root  of  the  product  of  quantum  efficiency  and  photon  energy  is  plotted  as  a 
function  of  photon  energy.  The  experimental  points  can  be  fitted  with  a  straight-line  Fowler  equation  [5], 
which  yields  a  Schottky-barrier  height  i(/  of  0.182  eV  and  an  emission  coefficient  C{  of  0.08  eV'1.  The 
value  of  C  ,  which  varies  linearly  with  the  fraction  of  incident  radiation  that  is  absorbed  in  the  PtSi  film, 
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Figure  3-2.  Quantum  efficiency  as  a  function  of  wavelength  for  a  front -illuminated  PtSi 
Schottky-barrier  detector. 


is  a  factor  of  3  smaller  than  the  C{  value  of  0.24  eV1  measured  for  the  same  detector  when  it  was 
operated  in  the  back-illumination  mode.  The  reduction  in  Cx  for  front  illumination  occurs  because 
absorption  is  decreased  by  reflection  losses  resulting  from  the  high  reflectivity  of  PtSi  in  the  near-lR 
region;  for  back  illumination,  reflection  losses  in  this  region  are  reduced  because  the  Si  substrate  serves 
as  an  index-matching  layer  for  the  PtSi. 
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Figure  3-3.  Fowler  plot  for  the  data  of  Figure  3-2  between  3.5  and  6.2  pm. 


When  the  photon  energy  is  increased  above  the  band  gap  of  Si,  the  quantum  efficiency  increases 
drastically,  as  shown  in  Figure  3-2,  because  the  radiation  transmitted  through  the  thin  PtSi  film  is 
absorbed  in  the  Si  substrate  and  generates  carriers  that  contribute  to  the  detector  response.  The  collection 
efficiency  for  these  carriers  is  very  high,  since  they  are  generated  very  close  to  the  PtSi/Si  interface,  and 
this  interface  is  of  excellent  crystalline  quality.  With  decreasing  wavelength  the  quantum  efficiency  rises 
to  ~60  percent  at  800  nm,  remains  essentially  constant  down  to  400  nm,  and  then  decreases  to  ~35 
percent  at  290  nm. 

For  a  qualitative  demonstration  of  the  multispectral  imaging  capability  of  front-illuminated  PtSi 
Schottky-barrier  focal  plane  arrays,  160  x  244-element  arrays  have  been  operated  as  both  IR  and  visible 
sensors.  The  arrays  were  cooled  to  77  K  and  evaluated  in  a  benchtop  imaging  system.  Figure  3-4(a)  is 
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the  IR  image  obtained  without  uniformity  correction  for  a  coffee  mug  that  was  partly  filled  with  warm 
water.  The  radiation  from  the  mug  was  focused  on  the  array  with  an  f/2.35  lens  transmitting  over  the 
wavelength  range  from  3  to  5  /xm.  The  observed  variation  in  brightness  occurs  because  the  handle  and 
the  region  above  the  water  level  are  cooler  than  the  rest  of  the  mug.  The  visible  imaging  capability  of 
the  same  array  is  shown  by  Figure  3-4(b),  which  is  the  uncorrected  image  of  the  mug  that  was  obtained 
in  room  light  when  the  radiation  was  focused  with  an  f/2.8  glass  lens  that  did  not  transmit  beyond 
~2  /xm. 


(a)  (b) 

Figure  3-4.  (a)  Infrared  and  (b)  visible  images  of  a  coffee  mug  obtained  with  a  front- 
illuminated  160  x  244-element  PtSi  Schottky -barrier  focal  plane  array. 


In  summary7,  front-illuminated  PtSi  Schottky-barrier  diodes,  in  addition  to  being  effective  detectors 
for  the  3-  to  5-/im  region,  exhibit  excellent  photoresponse  in  the  visible  and  near-UV.  In  view  of  the 
demonstrated  manufacturability  of  very  large,  highly  uniform  focal  plane  arrays  integrating  PtSi  Schottky- 
barrier  detectors  and  CCD  readout  circuitry,  such  arrays  should  be  extremely  useful  for  remote  sensing 
and  imaging  applications  where  multispectral  capability  is  advantageous. 

B-Y.  Tsaur 
C.K.  Chen 
J.P.  Mattia 
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3.2  EFFICIENT  GalnAsSb/AlGaAsSb  DIODE  LASERS  EMITTING  AT  2.29  /xm 


The  high-performance  semiconductor  diode  lasers  presently  available  are  limited  in  emission 
wavelength  to  the  spectral  range  between  about  0.7  and  1.6  /xm.  These  devices  incorporate  heterostruc¬ 
tures  composed  of  III-V  compounds  and  alloys  —  specifically,  GaAs/AlGaAs  and  GalnAsP/InP  hetero¬ 
structures  that  are  lattice  matched  to  GaAs  and  InP  substrates,  respectively.  High-performance  lasers 
with  emission  wavelengths  in  the  range  of  2  to  5  /xm  would  be  useful  for  a  variety  of  applications, 
including  optical  communications  employing  fluoride-based  fibers,  laser  radar  exploiting  atmospheric 
transmission  windows,  remote  sensing  of  atmospheric  gases,  and  molecular  spectroscopy.  With  the 
objective  of  developing  such  devices,  we  have  initiated  an  effort  in  the  development  of  lattice-matched 
III-V  diode  lasers  that  incorporate  GalnAsSb  active  layers  and  AlGaAsSb  confining  layers  grown  by 
molecular  beam  epitaxy  (MBE)  on  GaSb  substrates.  Figure  3-5  is  a  plot  of  energy  gap  vs  lattice  constant 
for  these  two  quaternary  alloy  systems  at  300  K  [6].  Since  the  emission  wavelength  corresponds  approxi¬ 
mately  to  the  energy  gap  of  the  active  layer,  GalnAsSb/AlGaAsSb  lasers  can  potentially  provide  room- 
temperature  emission  wavelengths  from  about  1.7  to  4.3  /xm  . 
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Figure  3-5.  Energy  gap  vs  lattice  constant  for  GalnAsSb  and  AlGaAsSb  quaternary  alloys. 


38 


A  number  of  groups  have  reported  room-temperature  operation  of  double-heterostructure  GalnAsSb/ 
AlGaAsSb  lasers  grown  on  GaSb  by  either  liquid  phase  epitaxy  (LPE)  or  MBE.  The  best  performance 
has  been  obtained  by  Bochkarev  et  al.  [7,8]  for  LPE-grown  devices  emitting  at  2.2  to  2.3  jjl m.  They  have 
reported  a  threshold  current  of  80  mA  for  CW  operation  of  ridge-waveguide  lasers  [7]  and  a  threshold 
current  density  J  of  1.5  kA/cm2  for  broad-area  devices  [8].  The  best  results  for  MBE-grown  lasers  have 
been  obtained  by  Chiu  et  al.  [9],  who  reported  pulsed  operation  with  J  =  4.2  kA/cm2  for  broad-area 
devices  emitting  at  2.2  gm.  In  the  present  study,  we  have  obtained  J  =  1.7  kA/cnr  and  a  differential 
quantum  efficiency  of  15  percent  per  facet  for  pulsed  room-temperature  operation  of  MBE-grown  broad- 
area  lasers  emitting  at  2.29  gm. 

Commercial  Te-doped  n-GaSb  (100)  substrates  were  used  for  growth  of  the  laser  structures.  Prior 
to  MBE  growth,  a  layer  ~90  nm  thick  was  removed  from  the  substrate  by  etching  in 
Br2:HNO^:HCl:CH3COOH  [10].  The  substrate  was  then  loaded  into  the  MBE  vacuum  system  and  heated 
in  the  presence  of  an  Sb  flux  to  desorb  surface  oxides  and  other  contaminants.  Reflection  high-energy 
electron  diffraction  patterns  revealed  the  3  X  1  reconstruction  that  is  characteristic  of  Sb-stabilized  GaSb 
(100)  surfaces  and  showed  that  the  substrate  was  clean  and  atomically  smooth. 

The  sources  used  for  MBE  growth  were  the  group  III  and  group  V  elements,  which  yielded  beams 
of  Ga,  In,  and  Al  atoms  and  of  Sb4  and  As4  molecules.  The  substrate  temperatures  and  V:III  flux  ratios 
for  epilayer  growth  were  optimized  to  yield  the  best  surface  morphology.  A  substrate  temperature  of 
530°C  was  used  for  GaSb  and  AlGaAsSb,  while  500°C  was  used  for  GalnAsSb.  Since  the  efficiency  of 
incorporation  is  near  unity  for  Sb  as  well  as  for  the  group  III  elements,  V:III  flux  ratios  of  ~1  were  used 
for  GaSb  growth.  Arsenic  is  incorporated  much  less  readily  than  Sb  because,  in  comparison  with  Sb4, 
As4  has  a  shorter  surface  residence  time  (heat  of  sublimation  of  37  kcal/mol  for  As4  vs  49  kcal/mol  for 
Sb4  [11])  and  is  more  stable  (atomization  energy  of  252  kcal/mol  for  As4  vs  203  kcal/mol  for  Sb4  [11]). 
Therefore,  the  As  and  Sb  mole  fractions  in  the  GalnAsSb  and  AlGaAsSb  layers  were  controlled  by  using 
a  large  excess  As4  flux  and  reducing  the  Sb;III  ratio  far  enough  below  1  to  yield  the  desired  Sb  mole 
fraction.  The  impurity  used  for  tt-type  doping  was  Te  provided  by  the  sublimation  of  GaTe,  as  suggested 
by  Furukawa  and  Mizuta  [12].  The  p- type  dopant  was  Be,  which  is  conventionally  used  in  the  MBE 
growth  of  III-V  materials. 

As  shown  schematically  in  Figure  3-6,  the  laser  structure  consists  of  an  /?+-GaSb  buffer  layer,  an 
,7'A10.50Ga0.50As0.04Sb0.96  confimng  layer^  a  nominally  undoped  Ga0  g4In0  16As  Q  14Sb()  g6  active  layer,  a 
p-Al05()Ga0  5()As004Sb096  confining  layer,  and  a  /?+-GaSb  contacting  layer.  To  fabricate  broad-area  lasers, 
the  f>+- GaSb  surface  of  the  wafer  was  metallized  with  Cr/Au,  and  100-  or  300-/im-wide  stripes  were 
defined  by  using  photoresist  lift-off.  The  p+  GaSb  between  the  Cr/Au  stripes  was  removed  by  etching 
in  H2S04:H202:H20  to  reduce  current  spreading.  The  wafer  was  lapped  from  the  substrate  side  to 
WO-fim  thickness,  and  the  tt-GaSb  surface  was  metallized  with  Au/Sn.  Both  metallizations  were  alloyed 
to  form  ohmic  contacts.  The  wafer  was  cleaved  into  300-/xm  bars,  which  were  then  separated  into  in¬ 
dividual  lasers  by  scribing. 


39 


140667  26 


Cr/Au 


p+-  GaSb 


P”^*0.50  ®a0.50  ^S0.04  ®b0.96 


®a0.84  ,n0.16  ^S0.14  ^b0.86 


n-AI  0.50  0.50  AS0.04  Sb0>g6 


n  -  GaSb 


n-GaSb  SUBSTRATE 


Au/Sn 


THICKNESS 

(pm) 


4  CONFINING 


0.4  ACTIVE 


3  CONFINING 


Figure  3-6.  Schematic  cross  section  of  broad-stripe  GalnAsSbIAlGaAsSb  double-heterostructure 
diode  laser 


Figure  3-7  shows  the  light  output  vs  current  for  pulsed  room-temperature  operation  of  a  300  X  300- 
/xm  laser.  The  value  of  J  is  1.7  kA/cm2,  and  the  differential  quantum  efficiency  is  15  percent  per  facet. 
The  highest  power  obtained,  250  mW  per  facet,  was  limited  by  the  power  supply  used  for  the  measure¬ 
ments.  The  emission  spectrum,  which  is  shown  in  Figure  3-8,  is  centered  at  2.29  /xm.  Very  similar 
characteristics  were  measured  for  lasers  fabricated  from  two  wafers  with  nominally  the  same  structure 
that  were  grown  on  consecutive  days. 

We  regard  the  above  results  as  highly  encouraging,  since  they  have  been  obtained  in  initial 
experiments  on  devices  that  are  far  from  optimized.  In  particular,  the  /  value  of  1.7  kA/cm2  is  well 
below  the  best  value  (4.2  kA/cm2)  previously  reported  for  MBE-grown  GalnAsSb/AlGaAsSb  lasers  and 
almost  as  low  as  the  best  value  (1.5  kA/cm2)  reported  for  LPE-grown  devices.  Modifications  in  laser 
structure  and  device  design,  as  well  as  further  development  of  the  MBE  growth  technique  and  device 
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processing  procedures,  can  be  expected  to  result  in  major  improvements  in  performance,  and  it  should 
not  be  difficult  to  achieve  room-temperature  CW  operation  for  narrow-stripe  devices  with  adequate  heat 
sinking.  Furthermore,  on  the  basis  of  the  present  results  for  lasers  emitting  at  2.29  gm,  we  believe  that 
it  should  be  possible  to  extend  the  emission  to  significantly  longer  wavelengths  by  using  the  same  basic 
structure  of  GalnAsSb/AlGaAsSb  lattice  matched  to  GaSb,  but  changing  the  composition  of  the  active 
layer  to  reduce  the  energy  gap.  Because  of  the  existence  of  a  miscibility  gap  in  the  GalnAsSb  system, 
the  compositions  of  lattice-matched  layers  that  can  be  grown  by  LPE  are  restricted  to  a  range  that  places 
an  upper  limit  of  about  2.3  fim  on  the  room-temperature  emission  wavelength.  Because  of  the  non¬ 
equilibrium  character  of  the  MBE  process,  however,  in  principle  it  should  be  possible  to  grow  by  MBE 
any  GalnAsSb  alloy  that  is  lattice  matched  to  GaSb.  For  the  alloy  with  the  lowest  energy  gap,  InAs()qiSb  )(fQ, 
the  emission  wavelength  would  be  4.3  /xm. 

S.J.  Eglash  J.V.  Pantano 

H.K.  Choi  G.W.  Turner 


CURRENT  (A) 

Figure  3-7.  Light  output  vs  current  characteristic  of  GalnAsSb! AlGaAsSb  diode  laser  for  pulsed 
operation  at  room  temperature. 


41 


140667-28 


Figure  3-8.  Emission  spectrum  of  GalnAsSbIAlGaAsSb  diode  laser  for  pulsed  operation 
at  room  temperature. 


3.3  ROOM-TEMPERATURE  CONTINUOUS  OPERATION  OF  GaAs/AlGaAs  LASERS 
GROWN  ON  Si  BY  OMVPE 

By  conveniently  combining  the  most  desirable  features  of  both  III- V  and  Si  devices  and  circuits, 
monolithic  GaAs-on-Si  technology  potentially  offers  important  advantages  for  such  applications  as 
optoelectronic  integrated  circuits  and  optical  interconnects  between  very  large  scale  integrated  circuits. 
Practical  implementation  of  this  technology  will  require  the  development  of  manufacturable  GaAs/ 
AlGaAs  diode  lasers,  fabricated  on  Si  substrates,  that  are  capable  of  reliable  CW  operation  with  sufficiently 
low  threshold  currents.  Room-temperature  CW  operation  of  GaAs/AlGaAs-on-Si  lasers  incorporating  a 
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GaAs  buffer  layer  adjacent  to  the  substrate  has  been  reported  by  Deppe  et  al.  [13],  who  grew  the  buffer 
by  MBE  and  the  laser  structure  by  organometallic  vapor  phase  epitaxy  (OMVPE).  These  authors  obtained 
a  threshold  current  of  24  mA  for  devices  with  a  stripe  width  of  4  /jl m  and  a  cavity  length  of  305  /i m. 
Room-temperature  CW  operation  has  also  been  reported  by  Chen  et  al.  [14],  who  grew  both  the  buffer 
and  the  laser  structure  by  MBE.  They  obtained  a  threshold  current  density  J  of  -300  A/cm2  for  broad- 
stripe  devices  with  a  cavity  length  of  980  ^tm.  For  large-scale  production,  it  would  be  advantageous  to 
perform  the  growth  entirely  by  OMVPE.  In  a  brief  report,  Connolly  et  al.  [15]  have  described  all- 
OMVPE  diode  lasers  with  a  pulsed  J  of  1.5  kA/cm  for  broad-stripe  devices  with  a  cavity  length  of 
500  ^im,  and  a  CW  threshold  current  of  65  mA  for  ridge-waveguide  devices  with  a  stripe  width  of  5  /jl m. 
In  the  present  investigation,  we  have  considerably  improved  the  performance  of  all-OMVPE  GaAs/ 
AlGaAs-on-Si  lasers  by  incorporating  a  defect-filtering  layer  between  the  buffer  layer  and  the  laser 
structure.  Pulsed  Jth  values  as  low  as  350  A/cm"  have  been  measured  for  broad-stripe  lasers  with  a  cavity 
length  of  500  /jl m,  and  CW  threshold  currents  as  low  as  25  mA  and  a  differential  quantum  efficiency 
7}d  of  55  percent  have  been  obtained  for  ridge-waveguide  devices. 

The  substrate  used  for  the  all-OMVPE  lasers  was  an  n+-S\  wafer  oriented  2°  off  (100)  toward 
(110).  An  /?+-GaAs  buffer  layer  -1.5  /im  thick,  consisting  of  a  10-nm  layer  deposited  at  -  450°C  and 
the  remainder  deposited  at  -  680°C,  was  grown  at  Kopin  Corporation.  The  defect-filtering  layer  and  the 
laser  structure  were  grown  at  Lincoln  Laboratory.  The  laser  structure  was  a  graded-index  separate- 
confinement  heterostructure  (GRIN-SCH)  with  a  single  quantum  well,  consisting  of  the  following  layers: 
1-^im-thick  fl-Al07Ga0  ^As  cladding  layer,  0.15-/xm-thick  tt-AlGaAs  confining  layer  (AlAs  mole  fraction 
linearly  graded  from  0.7  to  0.2),  6-nm-thick  GaAs  active  layer,  0.15-/xm-thick  p- AlGaAs  confining  layer 
(AlAs  mole  fraction  linearly  graded  from  0.2  to  0.7),  l-/xm-thick  p-Al07GaQ3As  cladding  layer,  and 
0.25-p.m-thick  p+- GaAs  contacting  layer.  Growth  was  performed  at  800°C,  using  trimethylgallium, 
trimethylaluminum,  100-percent  arsine,  FfSe,  and  dimethyl  zinc. 

Four  different  defect-filtering  layers  were  investigated:  (1)  a  thin  superlattice  composed  of  AlGaAs 
and  GaAs  layers,  each  10  nm  thick,  grown  at  800°C;  (2)  a  thick  superlattice  composed  of  10-nm-thick 
AlGaAs  and  100-nm-thick  GaAs  layers  grown  at  800°C;  (3)  a  series  of  temperature -cycled  GaAs  layers 
(annealed  at  800°C  for  5  min,  100-nm-thick  layer  grown  at  700°C,  temperature  lowered  to  300°C, 
annealed  at  800°C  to  begin  the  next  cycle);  and  (4)  a  temperature-cycled  thick  superlattice  (10-nm-thick 
AlGaAs  grown  at  800°C,  100-nm-thick  GaAs  grown  at  700°C,  temperature  lowered  to  300°C,  then 
increased  to  800°C  for  the  next  AlGaAs  layer).  Each  defect-filtering  layer  consisted  of  5  periods.  The 
AlAs  mole  fraction  in  the  AlGaAs  layers  was  0.7. 

In  order  to  characterize  the  quality  of  the  laser  structures  grown  on  different  defect-filtering  layers, 
broad-stripe  lasers  were  fabricated  for  testing  under  pulsed  conditions.  By  means  of  evaporation  and 
photolithographic  lift-off,  100-/xm-wide  Cr/Au  stripes  on  400- /zm  centers  were  defined  on  the  surface 
of  the  p+- GaAs  contacting  layer,  which  was  then  etched  away  between  the  stripes  to  reduce  current 
spreading.  The  wafer  was  thinned  from  the  back  side  to  -70  /im,  and  Ti/Au  was  evaporated  on  the  Si 
surface  and  subsequently  alloyed.  The  wafer  was  cleaved  into  500-/xm  bars,  which  were  then  separated 
into  individual  lasers  by  scribing. 
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TABLE  3-1 


Effect  of  Defect-Filtering  Layers  on  Characteristics  of  Broad-Stripe 
AIGaAs/GaAs-on-Si  Diode  Lasers 


Defect-Filtering  Layer 

Jth  (A/cm2) 

rjd  (percent) 

Thin  Superlattice 

640 

50 

Thick  Superlattice 

540 

53 

Thermally  Cycled  Superlattice 

370 

59 

Thermally  Cycled  GaAs 

350 

63 
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Figure  3-9.  Differential  quantum  efficiency  vs  cavity  length  for  broad-stripe  AIGaAs/GaAs-on-Si 
diode  lasers  with  thermally  cycled  GaAs  defect-filtering  layer. 
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Figure  3-10.  Light  output  vs  current  for  room-temperature  CW  operation  of  ridge - 
waveguide  AlGaAs/GaAs-on-Si  diode  laser  with  thermally  cycled  GaAs  defect-filtering 
layer. 


Testing  was  performed  with  200-ns  current  pulses  at  10  kHz.  There  was  no  abnormal  delay  in  the 
laser  emission,  indicating  that  the  density  of  saturable  absorbers  in  the  active  layer  is  very  low.  The  near¬ 
field  pattern  observed  at  twice  the  threshold  current  was  fairly  uniform  across  the  entire  stripe  width. 
Table  3-1  summarizes  the  J  and  7]d  values  obtained  from  curves  of  light  output  vs  current  for  lasers 
with  a  500-fim  cavity  length  grown  on  the  four  types  of  defect-filtering  layers.  The  poorest  results  were 
obtained  with  the  thin  superlattice  filter,  for  which  J  is  640  A/cm  and  7]d  is  50  percent.  The  thermally 
cycled  GaAs  filter  yielded  the  best  laser  performance,  with  7  of  350  A/cm"  and  TJd  of  63  percent.  In 
comparison,  broad-stripe  lasers  with  the  same  GRIN-SCH  structure  grown  by  OMVPE  on  a  GaAs 
substrate  without  defect  filtering  had  J  of  180  A/cm  and  Tj  of  ~80  percent.  (In  an  earlier  study  on  all- 
OMVPE  GaAs/AlGaAs-on-Si  GRIN-SCH  lasers  grown  without  defect  filtering,  we  measured  J  values 
as  low  as  300  A/cm  for  broad-stripe  devices,  but  these  values  were  reduced  by  filamentary  lasing,  which 
was  revealed  by  the  near-field  pattern  116]). 

For  broad-stripe  lasers  with  a  thermally  cycled  GaAs  defect-filtering  layer,  J  was  found  to 

9  In  ^ 

decrease  monotonically  with  increasing  cavity  length,  from  -520  A/cm  for  300  fi m  to  -320  A/cm"  for 
750  pi m  and  above.  Figure  3-9  shows  the  dependence  of  7]~*  on  cavity  length.  The  straight  line  drawn 
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through  the  points  yields  values  of  65  percent  for  the  internal  quantum  efficiency  7]  and  1.6  cm'1  for 
the  absorption  coefficient  a.  For  devices  with  a  slightly  different  laser  structure  grown  on  a  GaAs 
substrate  [17],  rj.  was  higher  than  90  percent  and  a  was  2.5  cm'1. 

In  order  to  reduce  the  laser  threshold  current  sufficiently  to  achieve  CW  operation,  ridge-waveguide 
devices  were  fabricated  from  a  wafer  having  the  thermally  cycled  GaAs  defect-filtering  layer.  The 
processing  procedure  was  similar  to  the  one  used  in  our  earlier  study  [16].  Figure  3-10  shows  the  light 
output  vs  current  for  CW  operation  at  room  temperature.  The  threshold  current  is  25  mA,  and  rjd  is  55 
percent.  The  light  emitted  was  almost  entirely  TE  polarized. 

The  ridge-waveguide  lasers  degraded  rapidly  under  CW  operation.  The  threshold  current  doubled 
in  about  5  min,  and  7Jd  was  significantly  reduced  during  this  time.  For  even  the  most  reliable  GaAs/ 
AlGaAs-on-Si  lasers  so  far  reported  [18],  the  CW  threshold  current  increased  by  a  factor  of  3  in  10  h. 
This  rapid  degradation  is  caused  by  the  formation  and  propagation  of  dark-line  defects,  which  take  place 
at  high  rates  because  GaAs  and  AlGaAs  epilayers  grown  on  Si  by  present  techniques  contain  high 
densities  of  threading  dislocations  and  are  subject  to  high  tensile  stress.  Major  improvements  in  material 
quality  are  still  necessary  in  order  to  increase  the  reliability  of  the  lasers  to  the  level  required  for  practical 
applications. 

H.K.  Choi 
C.A.  Wang 

3.4  CHEMICAL  VAPOR  DEPOSITION  OF  BORON  NITRIDE  FOR  COATING 
FUSED  SILICA  CRUCIBLES 

Fused  silica  is  a  very  convenient  container  material  for  use  in  the  synthesis  and  crystal  growth  of 
many  semiconductors,  because  silica  crucibles  can  be  formed  in  almost  any  desired  shape  and  silica 
ampoules  can  easily  be  sealed  off  under  vacuum.  However,  materials  with  high  melting  points  can 
become  contaminated  with  Si  when  their  melts  are  in  contact  with  fused  silica  for  extended  periods.  In 
the  Bridgman  growth  of  CdTe  (m.p.  1098°C),  Si  contamination  is  avoided  by  using  silica  ampoules 
coated  with  pyrolytic  graphite,  but  pyrolytic  graphite  coatings  are  unsatisfactory  for  InP  (m.p.  1060°C) 
and  GaAs  (m.p.  1240°C),  since  carbon  is  an  electrically  active  impurity  in  these  compounds.  Crystals 
of  these  materials  are  generally  grown  from  melts  contained  in  pyrolytic  boron  nitride  (PBN)  crucibles. 
Although  high-quality  crystals  can  be  obtained  routinely,  these  crucibles  are  extremely  expensive,  their 
delivery  times  are  usually  very  long,  and  they  are  limited  in  shape  to  tapered  cylindrical  sections. 

In  order  to  overcome  these  disadvantages,  for  our  program  on  InP  crystal  growth  we  have  devel¬ 
oped  a  chemical  vapor  deposition  process  for  coating  fused  silica  crucibles,  boats,  and  tubes  with  a  thin 
film  of  BN.  Data  for  crystals  grown  from  the  melt  by  the  liquid-encapsulated  Czochralski  (LEC)  method 
show  that  the  same  purity  is  obtained  with  BN-coated  crucibles  as  with  PBN  crucibles.  In  addition  to 
being  much  less  costly,  the  BN-coated  crucibles  are  advantageous  for  LEC  growth  because  the  coating 
can  be  restricted  to  the  portion  of  the  crucible  that  will  be  in  contact  with  the  melt.  Radiative  heat  transfer 


46 


through  the  upper  portion  of  the  crucible,  which  remains  transparent,  reduces  the  radial  temperature 
gradient  in  the  solidified  crystal  and  leads  to  a  reduction  in  the  dislocation  density. 

The  BN  deposition  procedure  is  based  on  a  process  originally  developed  by  Lewandowski  [19]  for 
using  the  high-temperature  reaction  between  NH3  and  B^H^  (diborane)  to  coat  small  fused  silica  parts 
used  in  LPE  of  GaP.  Deposition  is  performed  inside  a  fused  silica  tube  that  is  heated  in  a  horizontal 
resistance  furnace  45  cm  long  and  9.5  cm  in  inside  diameter,  which  is  wound  with  Kanthal  wire.  The 
object  to  be  coated  is  cleaned  by  etching  in  a  2:1  mixture  of  HC1  and  HNOv  rinsed  with  deionized  water, 
and  placed  inside  the  fused  silica  tube.  Growth  crucibles  are  positioned  with  their  open  end  facing  the 
gas  inlet.  The  system  is  purged  with  Ar  gas,  and  the  temperature  is  raised  to  950  to  975°C.  The  Ar  is 
turned  off  and  NH  is  admitted  at  a  flow  rate  of  140  cmVmin.  Finally,  a  mixture  of  Ar  with  1.5-percent 
B2H6  is  admitted  at  a  flow  rate  of  65  cm  /min  through  a  separate  tube  that  extends  into  the  crucible  in 
order  to  limit  BN  deposition  upstream.  (If  the  B7Hh  mixture  were  introduced  before  the  NH^,  B2Hft 
would  decompose  rapidly  to  form  an  undesirable  B  film.)  Most  coating  runs  are  carried  out  overnight. 
To  terminate  deposition,  the  B^H^  mixture  is  turned  off.  Then  the  NH-  is  turned  off,  the  Ar  is  turned 
on,  and  the  furnace  is  cooled  to  room  temperature.  Thorough  Ar  purging  is  essential  to  prevent  the  gas 
lines  and  other  components  from  becoming  clogged,  presumably  by  boric  oxide  formed  by  the  reaction 
of  B0H^  with  air,  which  occurs  even  at  room  temperature.  For  the  same  reason,  all  components,  including 
pressure  regulators,  valves,  flowmeters  and  manifolds,  must  be  checked  with  a  He  leak  tester  (even  if 
their  tightness  is  guaranteed  by  the  manufacturer).  Since  both  NHA  and  B„H^  are  toxic,  the  entire 
deposition  system  (except  for  the  Ar  cylinder)  is  placed  in  a  chemical  fume  hood,  and  the  B^H^  con¬ 
centration  inside  the  hood  is  continuously  checked  by  a  toxic  gas  monitor. 

With  the  gas  flow  rates  given  above,  fused  silica  components  held  at  950  to  975°C  for  about  16  h 
are  coated  with  a  smooth,  adherent,  opaque  white  film  a  few  micrometers  thick.  The  flat-bottomed 
crucibles  used  in  LEC  growth,  which  are  7.5  cm  in  diameter  and  6  to  X  cm  high,  are  coated  only  on  the 
inside.  Deposition  can  be  restricted  to  the  lower  part  of  the  crucible  by  shielding  the  upper  part  with  a 
tight-fitting  cylindrical  fused  silica  tube.  Analysis  of  a  test  coating  by  Auger  electron  spectroscopy 
showed  the  atomic  ratio  of  B  to  N  to  be  unity  within  the  experimental  uncertainty  of  a  few  percent,  and 
no  other  elements  were  detected.  Examination  by  scanning  electron  microscopy  showed  that  the  coat¬ 
ings  have  a  dendritic  structure. 

We  are  now  routinely  using  BN-coated  fused  silica  crucibles  for  LEC  growth  of  InP  crystals.  The 
results  of  numerous  growth  runs  using  starting  charges  obtained  from  nominally  undoped  polycrystalline 
ingots  synthesized  in  our  laboratory  show  that  essentially  the  same  purity  is  obtained  with  BN-coated 
crucibles  as  with  PBN  crucibles.  All  the  crystals  are  //-type,  with  electron  mobilities  showing  that  the 
residual  donor  impurities  are  uncompensated  by  acceptors.  For  nine  crystals  grown  from  charges  in  BN- 
coated  crucibles,  the  average  carrier  concentration  is  5.0  x  1015  cm  ^  and  the  average  mobility  at  77  K 
is  3.1  x  104  cnrrV'V1;  the  corresponding  averages  for  eight  earlier  crystals  grown  from  charges  in  PBN 
crucibles  are  5.2  x  10,5cm"3  and  3.0  x  104  cmVs'1.  (In  contrast,  for  two  crystals  grown  from  charges 
in  uncoated  fused  silica  crucibles,  the  measured  values  of  n  were  9.7  x  10,scm  3  and  2.1  x  10 16  cm  ~3.) 
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We  have  also  used  BN-coated  fused  silica  crucibles  in  several  runs  for  InP  crystal  growth  by  the 
vertical  gradient-freeze  method,  in  which  the  solidifying  crystal  is  in  contact  with  the  crucible  wall.  All 
these  runs  yielded  single  crystals,  showing  that  the  BN  coating  does  not  cause  secondary  nucleation 
leading  to  polycrystalline  growth. 

H.R.  Clark,  Jr. 

G.W.  Iseler 
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4.  SUBMICROMETER  TECHNOLOGY 


4.1  NEW  PHOTOMASK  TECHNOLOGY  FOR  193-nm  LITHOGRAPHY 

An  important  aspect  of  our  effort  on  193-nm  lithography  is  the  evaluation  of  potential  resist 
materials.  In  order  to  assist  in  testing  the  lithographic  properties  of  such  resists  down  to  0.1  -gm  reso¬ 
lution  we  have  used  our  electron-beam  capabilities  to  design  and  fabricate  appropriate  masks  for  both 
contact  and  projection  printing. 

The  mask  used  in  contact  printing  has  features  ranging  from  0.1  to  1.0  gm  in  0.1  -gtm  steps,  and 
from  1.0  to  2.0  gtm  in  0.2-/xm  steps.  To  help  speed  characterization,  the  pattern  is  1  mm  long,  so  that 
it  can  be  easily  identified  in  optical  and  electron  microscopes.  A  photomicrograph  of  the  pattern  from 
0.7  to  1.4  fim  is  shown  in  Figure  4-1,  with  areas  of  freestanding  lines  (lines  separated  by  more  than  a 
linewidth),  via  holes  in  both  positive  and  negative  polarities,  a  comer  turn,  and  gratings  with  equal  lines 
and  spaces.  The  mask  used  in  projection  lithography  has  nested  lines  and  spaces  14.8,  18.5,  and  22.2  pan 
wide  so  as  to  yield  0.2-,  0.25-,  and  0.3-gim  features  when  imaged  by  high-reduction  optics. 


1 40667  31 
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Figure  4-1 .  Photomicrograph  of  features  from  0.7  to  1.4  pun  of  a  pattern  fabricated  with  electron- 
beam  lithography  in  Al  on  fused  silica,  and  used  in  193-nm  contact  printing.  Areas  from  left  to 
right  are  freestanding  lines ,  via  holes  in  positive  polarity ,  via  holes  in  negative  polarity ,  a  corner 
turn,  and  gratings  with  equal  lines  and  spaces. 
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Figure  4-2.  Process  sequence  in  fabrication  of  photomask  for  193-nm  contact  printing.  Stages 
shown  are  (a)  sample  preparation ,  (b)  resist  spinning ,  (c)  exposure  and  development ,  (d)  evaporation 
and  lift-off ’  aw/  aluminum  etching. 
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Figure  4-3.  Process  sequence  in  fabrication  of  photomask  for  193-nm  projection  printing.  Stages 
shown  are  (a)  sample  preparation,  ( b )  resist  spinning,  (c)  exposure  and  development,  (d)  aluminum 
etching,  and  (e)  resist  removal 
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The  short  exposure  wavelength,  193  nm,  introduces  specific  constraints  on  the  choice  of  the 
substrate  material  and  patterned  metal.  First,  the  low-expansion  borosilicate  glass  used  as  substrate 
material  in  conventional  photomasks  is  opaque  at  193  nm.  In  fact,  the  list  of  transmissive  materials 
includes  only  a  few  crystalline  metal  fluorides  and  high-purity  fused  silica.  We  chose  the  latter  because 
of  its  mechanical  stability  and  its  commercial  availability  in  large  sizes  and  high  quality.  Specifically, 
highly  polished  disks  (5-/xm  flatness)  are  readily  available  with  diameters  of  25,  50,  and  75  mm. 
Second,  to  minimize  heat  buildup  on  a  photomask,  the  opaque  sections  need  to  be  reflective;  while  at 
longer  wavelengths  chromium  is  the  preferred  metal,  at  193  nm  aluminum  is  the  only  metal  with  high 
reflectivity  (0.93  for  freshly  deposited  Al,  as  compared  with  0.24  for  Cr,  0.21  for  Au,  and  0.35  for  Ni). 
We  therefore  chose  Al  for  our  masks.  This  choice  implied  the  use  of  polymethylmethacrylate  (PMMA) 
as  the  resist  material,  because  the  standard  developers  for  novolac-based  electron-beam  resists  prema¬ 
turely  etch  Al,  while  the  developer  for  PMMA  (a  mixture  of  methylisobutylketone  and  isopropanol)  is 
relatively  inert. 

The  fabrication  processes  for  the  two  masks  are  shown  schematically  in  Figure  4-2  for  the  smaller 
features  used  in  contact  printing,  and  in  Figure  4-3  for  the  larger  features  used  in  projection  printing.  In 
the  first  step,  the  fused  silica  substrate  is  cleaned  and  10  nm  of  aluminum  is  deposited  on  the  surface 
to  ensure  that  the  substrate  is  conductive  during  electron-beam  writing  [Figure  4-2(a)].  Next,  the  sub¬ 
strate  is  coated  with  a  bilayer  resist  system  consisting  of  150  nm  of  low-molecular-weight  (1.28  x  105) 
PMMA  and  50  nm  of  high-molecular-weight  (4.5  x  105)  PMMA  [Figure  4-2(b)],  and  the  patterns  are 
written  using  a  high-resolution,  vector-scan  electron-beam  lithography  system  (200-/xC/cm2  dose,  25-kV 
electron  energy).  Because  the  PMMA  layers  have  differing  molecular  weights  (and  therefore  different 
sensitivities),  a  1.5-min  development  in  a  40/60-percent  mixture  of  methylisobutylketone/isopropanol 
leaves  the  “cutback”  profiles  ideal  for  metal  lift-off  [Figure  4-2(c)].  Another  80  nm  of  Al  are  evaporated 
over  the  wafer,  and  the  resist  images  are  transferred  to  metal  images  by  an  acetone  lift-off  [(Fig¬ 
ure  4-2(d)].  In  the  final  step,  the  entire  substrate  is  exposed  to  a  short  Al  etch,  which  removes  the 
exposed  charge  dissipation  layer  [Figure  4-2(e)]. 

For  the  larger  features  in  projection  printing  masks,  the  simpler  process  shown  in  Figure  4-3  could 
be  used.  The  fused  silica  wafer  is  cleaned  and  coated  with  100  nm  of  Al  [Figure  4-3(a)].  For  wet¬ 
etching,  a  single  layer  of  PMMA  is  sufficient,  and  a  layer  at  least  500  nm  thick  is  spun  on  and  cured 
[Figure  4-3(b)].  The  same  exposure  and  development  parameters  are  used  as  in  the  lift-off  process 
(Figure  4-2).  After  development  [Figure  4-3(c)],  the  PMMA  serves  as  an  etch  mask  and  the  aluminum 
is  patterned  chemically  using  a  Transene  etchant  [Figure  4-3(d)].  The  projection  mask  after  the  PMMA 
has  been  stripped  away  by  acetone  or  a  helium-oxygen  plasma  is  shown  in  Figure  4-3(e). 

Both  masks  have  been  successfully  used  to  image  features  as  small  as  0.2  gm  in  silylation 
schemes,  in  plasma-deposited  imaging  layers,  and  in  spun-on  silicon-containing  photoresists  at  193  nm. 

C.L.  Dennis 
T.M.  Lyszczarz 
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4.2  SILYLATION  PROCESSES  FOR  193-nm  LITHOGRAPHY 


Several  surface-imaging  lithography  processes  have  been  developed  in  the  past  few  years  to 
alleviate  problems  caused  by  reflective  substrates,  shallow  depths  of  focus,  and  resist  opacity  [1-3].  A 
surface-imaging  process  can  also  accomplish  planarization  of  device  topology  without  resorting  to  a 
multilayer  process.  Among  the  best  known  surface-imaging  techniques  are  silylation  processes.  Nega¬ 
tive-  and  positive-tone  silylation  processes  are  shown  schematically  in  Figure  4-4.  After  exposure,  the 
latent  image  in  the  resist  film  is  used  to  distinguish  the  diffusion  and  reaction  rates  for  a  silicon- 
containing  reagent  in  the  exposed  and  unexposed  regions.  This  selective  incorporation  of  silicon  is  then 
used  to  create  an  etching  mask  during  pattern  transfer  in  an  oxygen  plasma.  For  instance,  in  most 
negative-tone  processes,  a  novolac/diazoquinone  resist  is  used,  and  exposure  of  the  film  converts  the 
diazoquinone  into  a  carboxylic  acid.  Diazoquinone  remaining  in  the  unexposed  areas  decomposes  during 
the  heated  silylation  step  and  is  presumed  [1-3]  to  crosslink  with  the  novolac  resin,  which  both  hinders 
the  diffusion  and  destroys  some  of  the  available  sites  for  silylation. 
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Figure  4-4.  Schematic  of  negative-  and  positive-tone  silylation  processes ,  showing  (a)  exposure, 
(h)  silylation ,  and  (c)  etching  steps. 
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Silylation  has  been  demonstrated  [1-3]  with  g-line  (436  nm),  /-line  (365  nm),  and  also  recently  [4] 
with  KrF  excimer  laser  (248  nm)  optical  lithography  tools.  Resolution  down  to  0.4  gm  has  been  obtained 
[1,4]  in  these  systems.  The  silylation  step  in  each  instance  was  performed  using  hexamethyldisilazane 
(HMDS)  as  the  silylating  agent  at  temperatures  between  140  and  180°C.  We  have  extended  the  surface¬ 
imaging  concept  to  193-nm  lithography  with  a  variety  of  resists  and  silylation  conditions.  The  resists 
included  standard  novolac/diazoquinone  materials  such  as  the  Shipley  1400  series  and  MacDermid 
PR  1024  resist,  as  well  as  UCB  Plasmask  resins  designed  for  silylation  (negative  tone),  a  pure  novolac 
resin  (Shipley  FSC)  with  no  photoactive  compound,  and  a  resist  system  (Shipley  SAL  601)  designed  [5] 
to  catalytically  crosslink  upon  exposure. 

It  is  noted  that,  unlike  long-wavelength  exposure,  193-nm  irradiation  of  novolac-based  resists 
primarily  causes  crosslinking  in  the  surface  layers.  The  crosslinking  manifests  itself  as  increased  resis¬ 
tance  of  the  exposed  areas  to  silylation  under  a  wide  range  of  reaction  conditions  (see  below).  Another 
effect  of  the  crosslinking  is  modified  dissolution  rates  of  the  resist  in  solvents,  as  shown  in  Fig¬ 
ure  4-5.  Figure  4-5  shows  the  interferometric  traces  obtained  from  a  1 .0-/xm-thick  film  of  MacDermid 
PR  1024  photoresist  developed  with  AZ  327  metal-ion-free  (MIF)  developer.  The  upper  trace,  which 
shows  the  development  of  an  unexposed  region,  indicates  that  the  Film  dissolved  at  a  steady  rate  and  was 
completely  cleared  in  45  s.  The  lower  trace  shows  the  dissolution  of  a  region  of  film  exposed  to  200 
mJ/cnr  For  the  first  250  s,  the  intensity  changed  very  slowly,  indicating  a  gradual  film  thinning  as  the 
crosslinked  area  was  removed.  Once  this  surface  layer  had  been  dissolved,  the  underlying  film  was 
removed  in  the  next  45  s,  at  the  same  rate  as  the  unexposed  film.  The  absorption  length  of  193-nm 
radiation  in  novolac  resins  is  typically  50  to  75  nm,  and  the  crosslinked  region  is  of  a  comparable 
thickness. 

The  photoinduced  crosslinking  and  the  resultant  resistance  to  silylation  imply  that  silylation  of 
novolac-based  resists  may  be  effective  at  193  nm  mainly  in  the  positive-tone  mode  (see  Figure  4-4). 
However,  as  mentioned  above,  the  elevated  temperatures  at  which  silylation  typically  takes  place  cause 
thermal  crosslinking  in  the  unexposed  areas  as  well,  severely  reducing  the  achievable  contrast.  For 
instance,  the  conventional  DESIRE  process  uses  HMDS  as  a  silylating  agent,  at  a  typical  temperature 
of  160°C  [1].  The  thermal  decomposition  of  the  diazoquinone  begins  to  cause  crosslinking  at  tempera¬ 
tures  above  120°C  [3].  Novolac/diazoquinone  resists  could  be  silylated  after  193-nm  exposure  using 
HMDS  at  temperatures  between  140  and  160°C,  although  in  several  instances  insufficient  silylation 
occurred  in  the  unexposed  areas  to  create  an  etching  mask. 

As  an  alternative  to  HMDS,  two  silylamine  compounds  were  studied  that  can  be  used  at  tempera¬ 
tures  below  those  causing  thermal  crosslinking.  The  reagents  were  dimethylsilyl-dimethylamine 
(DMSDMA)  and  trimethylsilyl-dimethylamine  (TMSDMA).  The  amines  are  slightly  smaller  molecules 
and  diffuse  more  readily  into  the  resist  films  than  HMDS.  In  addition,  they  have  a  higher  vapor  pressure 
and  may  thus  be  used  without  needing  to  heat  the  reagent  source.  Typical  temperatures  for  silylation 
were  100  and  140°C  for  the  DMSDMA  and  TMSDMA,  respectively. 
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Figure  4-5.  Interferometric  traces  from  dissolution  of  a  1-pm-thick  PR 1024  resist  film  in  AZ  327  MIF 
developer.  Upper  trace  is  from  an  unexposed  film,  while  lower  trace  was  exposed  to  200  mJIcm 2  of  193 -nm 
radiation ..  The  effect  of  the  laser-induced  crosslinking  is  noted  as  inhibited  dissolution  for  ~250  s. 


Silylated  films  were  analyzed  by  Rutherford  backscattering  spectrometry  (RBS)  to  determine  the 
depth  and  concentration  profiles  for  the  diffused  silicon.  The  RBS  spectra  for  a  series  of  different  resists 
silylated  at  100°C  for  2  min  using  DMSDMA  showed  that  the  saturation  level  was  comparable  for  all 
the  materials  at  around  12  wt.%  silicon.  There  was,  however,  a  noticeable  difference  between  the 
diffusion  depths,  which  ranged  from  81  nm  for  the  1400-27  resist  to  the  entire  film  thickness  (>700  nm) 
for  the  FSC  resin.  Except  for  the  FSC,  all  the  resists  contained  diazoquinone  and  silylated  to  a  lesser 
depth,  indicating  that  either  some  crosslinking  had  occurred  even  at  these  relatively  low  temperatures, 
or  that  the  diazoquinone  inhibited  the  diffusion  and  reaction  of  the  silylating  agent. 
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Figure  4-6.  Exposure  curves  showing  etch  rate  in  an  O 2  RIE  plasma  as  a  function  of  193 -nm 
exposure  dose  for  SAL  601 ,  FSC,  and  PR 1024  resists.  Films  were  silylated  at  100°C  for  1  min  in 
10-Torr  DMSDMA ,  and  etched  in  an  02  RIE  plasma  with  a  bias  voltage  of  -200  V  for  20  min. 


The  combination  of  photocrosslinking  at  193  nm  and  the  development  of  noncrosslinking  silyl- 
ating  conditions  makes  silylation  an  attractive  lithographic  process  at  this  wavelength.  In  particular,  high- 
resolution  patterning  is  possible,  since  crosslinking  exhibits  a  sharp,  threshold-like  behavior  as  a  function 
of  exposure  dose.  This  is  shown  in  Figure  4-6,  where  the  rates  of  reactive-ion  etching  (RIE)  of  silylated 
films  in  an  00  plasma  are  plotted  as  a  function  of  exposure  dose.  As  expected,  the  acid-catalyzed 
crosslinking  material  is  the  most  sensitive,  with  a  dose  of  6  mJ/cirr  required  to  achieve  greater  than  20:1 
etch  selectivity.  The  pure  novolac  resin,  FSC,  requires  a  slightly  higher  dose  of  40  mJ/cirr,  while  the 
novolac/diazoquinone  photoresist  PR  1024  has  a  sensitivity  of  70  mJ/cm  .  The  contrast  for  these  proc¬ 
esses  is  very  high,  with  values  of  4.1,  5.7,  and  18  for  the  PR  1024,  SAL  601,  and  FSC,  respectively. 
Further  work  has  indicated  that  the  crosslinking  appears  to  be  reciprocal  with  laser  fluence. 
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1  pm 

Figure  4-7.  Scanning  electron  micrograph  of  0.4- pm  lines  and  spaces  in  FSC  resist  exposed  at 
60  mJ/cm2  of  193 -nm  radiation.  Films  were  silylated  at  100°C  for  1  min  in  10-Torr  DMSDMA , 
and  etched  in  an  02  RIE  plasma  with  a  bias  voltage  of  -200  V  for  40  min. 


The  applicability  of  silylation  schemes  to  193-nm  lithography  is  demonstrated  in  Figure  4-7. 
Here,  0.4-^m  lines  and  spaces  are  patterned  in  a  film  of  FSC  at  a  dose  of  60  mJ/cnr.  The  film  was 
silylated  at  100°C  for  1  min  using  DMSDMA  and  etched  in  an  CX  RIE  plasma  at  a  bias  of  -200  V  for 
40  min. 

In  summary,  silylation  processes  were  extended  to  193-nm  lithography.  Positive-tone  patterning 
was  obtained  by  combining  exposure-induced  crosslinking  with  the  development  of  different  silylation 
procedures  that  preserve  the  selectivity  introduced  by  the  laser  exposure.  Photoactive  compounds  are  not 
necessary  for  the  crosslinking  to  take  place,  and  in  fact,  diazoquinone  appears  to  hinder  the  silylation 
process.  Dose  and  fluence  requirements  are  compatible  with  specifications  for  proposed  193-nm  expo¬ 
sure  equipment,  and  imaging  capabilities  below  0.5  pm  have  been  demonstrated. 

M.A.  Hartney 
K.  Stoy-Pavelle 
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5.  MICROELECTRONICS 


5.1  IMPROVED  PROCESS  FOR  THINNED,  BACK-ILLUMINATED  CCD 
IMAGING  DEVICES 

Thinned,  back-illuminated  charge-coupled  device  (CCD)  imagers  offer  significant  advantages  over 
front-illuminated  counterparts,  including  greatly  increased  quantum  efficiency  in  the  blue-ultraviolet 
(UV)  spectral  region,  and  excellent  spatial  uniformity.  These  advantages  have  made  back-illuminated 
CCD  imagers  a  very  desirable  choice  for  many  applications  [1,2],  including  use  in  Lincoln  Laboratory’s 
multichip  focal-plane-array  projects.  Unfortunately,  the  use  of  back-illuminated  CCD  imagers  has  been 
hindered  in  the  past  either  by  incompatibilities  between  the  wafer  mounting  and  thinning  procedures  and 
standard  wafer  processing  steps  [1,2]  or  by  difficulties  in  passivating  the  exposed  back  surface  after 
fabrication  [3].  We  describe  here  an  improved  wafer  mounting,  thinning  and  laser-annealed  back  surface 
passivation  process  that  produces  mechanically  rugged,  back-illuminated  thinned  imagers  with  the  above 
advantages  but  without  perturbing  the  original  processing  steps  of  front-illuminated  CCD  imagers. 

The  process  sequence  is  illustrated  in  Figure  5-1.  These  fabrication  steps  will  convert  any 
p-on-p+  epitaxial  wafer  with  fully  fabricated  and  probe-tested  front-illuminated  CCD  imagers  to  a  wafer 
of  back-illuminated  devices.  The  mounting  process  is  accomplished  first  by  spinning  epoxy  on  the  front 
side  of  the  device  wafer,  which  is  then  attached  to  a  supporting  silicon  wafer  or  glass  substrate  [Fig¬ 
ure  5- 1(a)].  Next,  a  two-step  thinning  process,  developed  to  minimize  pitting  on  the  etched  surface,  is 
performed  [Figure  5- 1(b)].  The  variation  in  thickness  of  the  thinned  silicon  is  controlled  to  within  1  pm 
by  ultrasonic  agitation  (~0.2  W/cm  )  during  the  etching  process.  After  back  surface  doping  and  laser 
annealing,  explained  below,  an  antireflection  coating  and  aluminum  light  shield  are  applied  [Figure  5~1  (c)j. 
Finally,  the  wafer  is  completed  by  photolithography  and  etching  of  Si  and  SiO^  to  expose  the  undersides 
of  the  aluminum  pads  on  the  front  side  of  the  wafer  [Figure  5- 1(d)]. 

Thinned  imagers  with  an  unpassivated  back  surface  have  high  dark  current  and  unstable  spectral 
response.  To  suppress  the  excess  dark  current  and  achieve  stable  spectral  response,  a  shallow  p+  accu¬ 
mulation  layer  is  formed  on  the  back  surface.  Under  thermal  constraints  resulting  from  Al-metallization 
and  epoxy  layers  on  the  front  side,  irradiation  with  a  pulsed  KrF  excimcr  laser,  leading  to  superficial 
melting  of  the  exposed  back  surface  of  the  silicon,  is  used  to  activate  the  low-energy  (5  keV)  implanted 
BF\  dopant  without  damage  to  the  front  surface.  Figure  5-2  shows  the  sheet  resistivity  vs  the  laser  energy 
density  at  two  different  doping  levels.  The  sheet  resistivity  cannot  be  measured  for  laser  energy  density 
lower  than  0.3  J/cirr,  indicating  that  the  dopant  is  not  activated  below  this  level.  Bright  spots  start  to 
appear  on  the  dark  current  pattern  for  irradiation  energy  density  higher  than  the  damage  threshold,  which 
is  around  0.6  J/cm2.  The  carrier  concentration  profile  of  the  p+  accumulation  layer  doped  at  1014cm 
as  measured  by  spreading  resistance,  is  shown  in  Figure  5-3.  Figure  5-4  shows  the  activation  level  as 
well  as  the  depth  of  the  peak  carrier  concentration  vs  the  number  of  pulses  at  0.56  J/cm2.  The  optimized 
process  using  four  overlapping  pulses  at  0.56  J/cm  completely  suppresses  the  excess  dark  current  due 
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Figure  5-1 .  Back-illuminated  CCD  imager  fabrication  sequence:  (a)  wafer  mounting  to  glass  substrate ,  (b)  selective  etching 
to  thin  Si  wafer  down  to  epilayer,  (c)  back-surface  processing ,  and  (d)  etching  Si  and  Si02  to  expose  bonding  pads. 
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Figure  5-2.  Dependence  of  sheet  resistivity  on  laser  energy  density  for  n\>o  different  levels 
of  BF  implantation 
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Figure  5-5.  Doping  profiles  of  the  shallow  accumulation  layer  formed  by  ion-implanted 
laser-annealed  process . 
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IMPLANTED  BORON  ACTIVATION  (percent) 
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Figure  5-4.  Activation  of  implanted  boron  and  depth  of  peak  carrier  concentration  vs  number 
of  irradiating  laser  pulses. 
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Figure  5-5.  Quantum  efficiency  of  front-illuminated  and  back-illuminated  CCDs 
with  and  without  back  passivation. 


to  the  thinned,  unpassivated  back  surface,  restoring  the  current  to  the  level  observed  in  front-illuminated 
imagers.  Spectral  response  that  is  stable  over  time  is  achieved  with  this  treatment.  Figure  5-5  shows  the 
measured  quantum  efficiency  with  and  without  back  surface  passivation.  None  of  the  other  parameters 
such  as  the  readout  noise  and  the  charge  transfer  efficiency  (CTE)  is  degraded  in  the  thinned  device. 


C.M.  Huang 
B.E.  Burke 
G.A.  Lincoln 
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5.2  PROTON  IRRADIATION  OF  CCI)  IMAGING  DEVICES 


As  part  of  the  radiation  hardening  program,  CCD  imaging  devices  and  bulk  Si  wafers  were 
irradiated  with  high-energy  (MeV)  protons  and  the  resulting  damage  was  characterized.  The  CCDs 
showed  increased  dark  current  and  reduced  CTE.  There  is  some  evidence  that  a  small  background  charge 
will  reduce  the  latter  of  these  problems.  Studies  of  bulk  Si  wafers  indicate  that  the  present  effort  to 
increase  substrate  resistivity  will  also  result  in  a  more  proton-resistant  CCD. 

Several  of  the  missions  that  will  use  Lincoln  Laboratory  CCD  imagers  in  low  earth  orbit  expose 
the  devices  to  as  much  as  5  krad  of  high-energy  protons  over  the  mission  life.  In  order  to  determine  the 
effects  of  proton  irradiation  on  these  devices,  functioning  CCDs  were  irradiated  at  the  Harvard  Cyclotron 
Laboratory  with  either  monoenergetic  protons  or  a  spectrum  ranging  in  energy  from  5  to  180  MeV.  The 
exposures  were  betweeen  100  and  10,000  rad  of  protons,  corresponding  to  roughly  5  X  10s  and  1  X  101 1 
protons/cm2,  respectively.  At  levels  as  low  as  100  rad  some  effects  on  CTE  could  be  seen,  with  CTE 
decreasing  by  about  70  ppm  at  a  temperature  of  -65°C  in  the  imaging  array.  The  effect  of  fluence  on 
CTE  loss  appears  to  be  linear,  so  a  dose  of  5  krad  would  decrease  CTE  to  about  0.996,  a  very  significant 
loss  in  the  ability  of  the  CCD  to  handle  small  charge  packets.  At  -40°C,  however,  the  CTE  was 
substantially  improved,  and  images  with  charge  packets  as  small  as  60  electrons  could  be  readily  dis¬ 
cerned  even  after  10-krad  exposure.  It  appears  that  at  this  higher  temperature  a  uniform  background  dark 
charge  (36  elcctrons/pixel/frame  in  this  case)  keeps  the  trapping  centers  filled  and  reduces  charge  trans¬ 
fer  loss.  For  reasons  that  are  not  yet  understood,  all  decreases  in  CTE  are  confined  to  the  imaging  array 
and  do  not  extend  to  the  serial  register.  Dark  current  measurements,  performed  at  -65°C  (the  operating 
temperature  of  the  different  CCDs  will  range  between  -65  and  -40°C),  indicate  an  increase  in  the  dark 
current  of  about  2  fA/cirr-rad. 

These  changes  in  the  CCD  characteristics  are  probably  due  to  the  creation  of  point  defect  com¬ 
plexes  as  the  protons  course  through  the  Si.  These  defects  would  increase  the  number  of  generation 
centers  in  the  bulk,  thereby  increasing  the  dark  current,  and  would  also  increase  the  number  of  electron 
traps,  which  would  decrease  the  CTE  It  is  quite  possible  that  the  same  defect  influences  both  properties. 
In  order  to  determine  the  effect  of  protons  on  the  bulk  characteristics  of  Si,  bare  Si  wafers  were  irradiated 
with  10  krad  of  either  20-  or  150-MeV  protons.  Tentatively,  it  appears  that  there  is  no  difference  in  the 
change  in  minority  carrier  lifetime,  as  measured  by  surface  photovoltagc,  for  either  energy  (although  20- 
MeV  protons  produce  much  more  damage  than  150-MeV  protons)  or  for  either  float  zone  or  Czochralski 
Si.  There  is  also  the  suggestion  that  higher  levels  cf  dopant  decrease  the  hardness  of  the  Si  (although 
this  change  is  not  directly  proportional  to  doping  concentration),  and  that  //-type  Si  is  more  susceptible 
to  damage  than  /7-type  Si.  The  change  in  lifetime  corresponds  well  to  the  change  in  dark  current  seen 
at  -65°C,  and  if  we  assume  a  recombination  cross  section  of  1  X  1CT15  cm",  then  this  suggests  that  we 
generate  4  X  109  cm  3  sites/rad  of  protons,  a  number  which  is  in  general  agreement  with  past  work  on 
neutron  bombardment  of  bulk  Si. 

Work  is  in  progress  to  minimize  the  susceptibility  of  our  CCD  using  an  appropriate  combination 
of  operating  temperature  and  clock  rate  (these  parameters  influence  the  ability  of  traps  to  decrease  CTE), 
shielding  requirements,  starting  material,  and  novel  processing  techniques  that  could  reduce  the  volume 
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of  the  signal  channel  occupied  by  small  electron  packets,  thus  decreasing  the  volume  over  which  traps 
could  be  filled. 

J.A.  Gregory  D.C.  Harrison 

B.E.  Burke  M.W.  Bautz 

M.  Cooper 


5.3  CCD  NEURAL  NET  PROCESSOR 

A  generic  CCD  signal  processor  based  on  an  algorithm  for  computing  vector-matrix  products,  and 
which  can  be  used  as  a  one-  or  two-dimensional  matched  filter  and  a  two-layer  neural  net  computing 
module  [4],  has  been  designed  and  fabricated.  Used  as  a  neural  net  processor,  the  chip  provides  2016 
programmable  interconnections  between  144  input  nodes  and  14  output  nodes,  performs  2.8  billion 
arithmetic  operations  per  second  and  dissipates  <2  W  at  10-MHz  clock  rate. 

The  block  diagram  of  this  neural  net  processor  is  shown  in  Figure  5-6.  In  order  to  make  the  device 
a  generic  processor,  and  also  for  faster  data  input,  a  design  approach  was  taken  so  the  144  inputs  arc 
loaded  and  stored  in  six  CCD  shift  registers,  each  24  stages  long.  Associated  with  each  of  the  144  stages 
of  these  six  registers  is  a  CCD  multiplying  digital-to-analog  converter  (MDAC)  [5]  and  a  14-stage 
6-bit  digital  memory  for  shifting  and  holding  the  digital  connection  weights  vr„.  At  each  stage  of  the 
CCD  shift  register,  the  floating  gate  is  coupled  to  the  analog  input  port  of  the  corresponding  MDAC. 
The  output  from  each  MDAC  is  a  charge  packet  proportional  to  the  product  of  the  analog  input  and  the 
digital  connection  weight.  The  outputs  of  all  the  MDACs  are  summed  together  in  the  charge  domain. 

The  architecture  of  the  digital  connection-weight  memory  is  shown  in  Figure  5-7.  For  each  MDAC, 
there  is  a  14-word  bit-parallel  CCD  digital  memory  to  store  the  connection  weights.  The  digital  data  arc 
written  into  the  memory  using  a  24-stage  column  pointer  and  a  6-stage  row  pointer  to  enable  the  selected 
location  to  receive  data.  The  pointers  consist  of  on-chip  digital  shift  registers,  along  which  a  single  bit 
is  propagated,  therefore  selecting  adjacent  memory  locations  sequentially.  The  memory  is  designed  so 
that  one  of  the  14  preloaded  weight  vectors,  each  consisting  of  144  6-bit  digital  words,  is  read  out  and 
applied  to  all  144  MDACs  in  parallel.  The  next  memory-register  clock  pulse  then  reads  out  and  applies 
the  next  memory  vector  to  the  MDACs,  and  so  on  for  all  14  vectors.  A  low-power,  high-packing-dcnsity 
CCD  digital  shift  register  has  been  used  in  this  design  for  each  memory  register.  Use  of  the  normally 
volatile  CCD  device  is  possible  in  this  case  because  the  digital  data  are  continuously  read  and  rewritten 
into  the  memory,  and  are  refreshed  by  providing  feedback  from  the  output  to  the  input  of  the  register. 

In  operation,  weights  w..  are  preloaded  into  14  X  144  digital  memory  locations,  and  a  set  of  144 
analog  inputs  „\\  is  read  in.  Then,  each  of  the  14  144-word  bit-parallel  CCD  digital  memory  vectors  is 
sequentially  applied  to  the  MDACs  as  described  above.  After  the  first  shift  register  clock  period,  the  total 
summed  charge  from  all  the  MDACs  is  X/=o H7'0A7  *  l  Q  '  device  computes  the  first  output  of  the 
second  layer,  u ft.  After  the  second  clock  period,  the  total  summed  charge  is  X;=o H7l xi  *  that  is,  The 
procedure  continues  for  14  clock  periods  in  total,  thereby  computing  all  14  values  of  u .  This  compu¬ 
tation  function  is  common  to  many  neural  net  models.  For  example,  this  device  can  be  used  with  external 
circuitry  to  select  the  maximum  of  the  output  values  and  to  enhance  this  maximum  by  adjusting  the 
weights  according  to  learning  rules.  Larger  nets  with  more  than  two  layers  may  be  composed  of  multiple 
devices. 
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CCD  TAPPED 


Figure  5-6.  Block  diagram  of  CCD  neural  net  device. 
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Figure  5-7 .  Architecture  of  digital  connection-weight  memory. 
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Figure  5-8.  Photomicrograph  of  the  neural  net  device. 
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Figure  5-9.  Input  and  output  signals  of  a  tapped  delay  line.  The  output 
is  nondestructive ly  sensed  at  tap  25  of  a  48-stage  delay  line. 


A  photomicrograph  of  the  neural  net  chip  is  shown  in  Figure  5-8.  A  3-jnm  double-polysilicon, 
double-metal  CCD  process  was  used,  and  the  chip  area  is  7  X  7  mm.  The  functionality  of  each  com¬ 
ponent  of  the  processor  has  been  tested  and  demonstrated.  For  example,  the  performance  of  one  of  the 
on-chip  CCD  tapped  delay  lines  is  shown  in  Figure  5-9,  demonstrating  the  input-output  linearity.  More 
detailed  device  characterization  is  currently  being  carried  out. 

A.M.  Chiang  G.A.  Lincoln 

R.W.  Mountain  J.R.  LaFranchise 
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6.  ANALOG  DEVICE  TECHNOLOGY 


6.1  MICROWAVE  DIELECTRIC  PROPERTIES  OF  EVAPORATED  SILICON 

MONOXIDE  AT  4.2  K 

The  need  for  compact  delay  lines  for  signal  processing  devices  requires  thin  dielectric  films  (2  to 
5  yum)  with  low  microwave  loss.  In  particular,  in  support  of  the  signal  processing  devices  that  we  are 
developing,  such  as  the  time-integrating  correlator  [1],  these  dielectric  films  need  to  be  deposited  on 
niobium-coated  silicon  substrates.  The  processing  temperature  must  be  <300°C  to  minimize  both  inter¬ 
diffusion  of  niobium  and  silicon  and  possible  chemical  reactions  between  the  niobium  and  deposition 
compounds. 

In  the  literature  [2],  the  dielectric  constant  of  evaporated  SiO  has  been  reported  at  liquid-helium 
temperature  to  be  5.7  in  the  10-  to  20-GHz  range  and  nondispersive.  However,  the  dielectric  loss  of  SiO 
has  not  been  reported  previously  at  these  frequencies.  As  the  substrate  temperature  during  evaporation 
can  be  maintained  at  <120°C,  this  material  is  therefore  a  good  candidate  for  signal  processing  applications. 

We  have  recently  fabricated  a  microstrip  transmission-line  resonator  with  a  superconducting  thin- 
film  metallization  in  order  to  evaluate  the  dielectric  properties  of  an  evaporated  film  of  silicon  monoxide. 
A  cross  section  of  the  device  is  shown  in  Figure  6- 1(a).  A  film  of  silicon  monoxide  was  evaporated  to 
a  thickness  of  5  gm  onto  a  silicon  substrate  coated  with  a  3000-A  sputter-deposited  niobium  film.  The 
stress  in  the  silicon  monoxide  film  was  low  and  it  adhered  well  to  the  niobium-coated  substrate,  even 
after  repeated  thermal  cycling  to  liquid-helium  temperature.  On  this  surface  a  second  3000-A  niobium 
film  was  patterned  into  a  10-/Am-wide  line  as  shown  in  Figure  6- 1  (b).  This  pattern  resulted  in  a 
transmission-line  resonator  with  a  resonant  frequency  determined  by  the  length  of  the  line  between  the 
l-/xm  end  gaps.  The  resonance  condition  is  satisfied  for  line  lengths  equal  to  an  integral  number  of  half¬ 
wavelengths. 

The  fundamental  resonant  frequency  of  this  structure  was  measured  to  be  1320  MHz.  Knowing 
that  the  length  of  the  resonant  transmission  line  is  5.3  cm,  we  determine  that  the  wave  velocity  in  this 
structure  was  1/2.14  times  the  speed  of  light  in  vacuum,  giving  an  effective  dielectric  constant  equal  to 
4.6.  In  the  microstrip  configuration  shown  in  Figure  6- 1(a),  this  wave  velocity  is  strongly  influenced  by 
the  air  above  the  device  structure,  in  addition  to  the  dielectric  property  of  the  silicon  monoxide  itself. 
Taking  this  into  account,  we  can  deduce  that  the  relative  dielectric  constant  of  the  silicon  monoxide  is 

6.2  at  4.2  K  and  1.3  GHz.  The  measured  quality  factor  of  this  resonator  is  7500  at  the  same  frequency, 
so  the  effective  loss  tangent  (tan  5)  of  the  mixed  dielectric  is  1.3  X  10 4.  If  the  conductor  loss  is 
assumed  to  be  negligible,  this  number  represents  a  lower  bound  on  the  material  (silicon  monoxide)  loss 
tangent.  Simple  energy  and  field-strength  arguments,  with  consideration  of  the  value  of  the  effective 
dielectric  constant,  put  the  upper  bound  at  1.5  X  10  4. 
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Figure  6-1 .  (a)  Cross-sectional  view  of  microstrip  resonator  with  deposited  silicon  monoxide 
dielectric,  (h)  Top  view  of  the  microstrip  resonator  showing  patterned  niobium  microstrip 
transmission  line. 


As  the  insertion  loss  (in  decibels)  for  a  transmission  at  frequency /on  a  line  of  propagation  time 
r  is  given  approximately  by  27/r  tan  <S ,  we  see  that  the  SiO  dielectric  can  support  microstrip  lines  up 
to  100  ns  long,  with  a  tolerable  loss  of  <3  dB  at  8  GHz. 

J.B.  Green 
M.  Bhushan 

6.2  ANALYSIS  OF  THE  EFFECT  OF  COUNTERDOPING  IN  THE  GAPS 
OF  A  SINGLE-GATE-LEVEL  CCD  PROCESS 

A  key  parameter  of  the  basic  cell  of  charge-coupled  devices  (CCDs)  is  the  separation  between 
adjacent  electrodes.  For  efficient  charge  transfer,  the  gap  has  to  be  small  to  provide  strong  coupling 
between  adjacent  potential  wells.  In  earlier  CCDs,  in  which  the  separation  was  defined  photolithogra- 
phically,  the  gap  was  large  (a  few  micrometers)  and  the  charge  transfer  efficiency  (CTE)  was  poor. 
Subsequent  development  led  to  the  two-  or  three-level  poly-Si  gate  structure,  with  overlapping  gates 
separated  by  thermally  grown  poly-Si  oxide  [3].  With  this  multi-poly-Si  process,  the  interelectrode  gap 
can  easily  be  kept  under  0.4  pun.  Unfortunately,  the  two-  or  three-level  process  is  not  compatible  with 
state-of-the-art  processes;  in  addition,  the  parasitic  capacitance  of  the  overlapping  electrodes  is  not 
desirable  in  high-speed  CCDs. 
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There  are  several  approaches  to  producing  nonoverlapping  electrodes  made  of  a  single  level  of 
poly-Si.  We  have  found  that  by  using  a  traditional  projection  aligner  with  some  process  improvements, 
CCDs  with  a  0.8-/xm  gap  are  readily  achievable.  However,  testing  of  these  single-poly-Si  CCDs  has 
shown,  not  surprisingly,  that  the  relatively  large  gap  results  in  a  very  poor  CTE.  We  suggest  a  very 
simple  processing  step  (counterdoping  in  the  gap)  to  significantly  reduce  the  charge  trapped  in  the 
interelectrode  region  and  to  increase  the  CTE  of  these  0.8-/xm-gap  CCDs.  A  detailed  analysis  of  CCD 
operation  has  been  made,  and  the  effect  of  the  counterdoping  has  been  predicted. 

It  is  well  known  that,  in  buried-channel  (BC)  CCDs,  the  charge  trapped  in  the  interelectrode 
potential  troughs  can  be  a  major  source  of  charge  transfer  inefficiency.  In  the  single-poly-Si  CCDs  the 
interelectrode  region  is  accessible  and  can  be  ion  implanted.  To  determine  the  effect  (if  any)  of  an 
interelectrode  implant,  we  have  solved  Poisson’s  equation  in  two  dimensions  and  obtained  the  minimum 
potential  in  the  channel  and  the  electron  concentration  under  the  different  conditions  that  are  typical  of 
the  operation  of  our  CCDs.  Since  we  are  mainly  concerned  with  the  interelectrode  region,  we  analyzed 
a  structure  with  only  two  electrodes,  and  dC,  separated  by  a  distance  G  (Figure  6-2).  The  substrate 
is  /Mype,  and  the  profile  of  the  BC  is  shown  in  Figure  6-3. 

The  CCDs  (imagers)  operate  with  three-phase,  0-  to  12-V  clocks.  The  clock  timing  is  schemati¬ 
cally  shown  in  Figure  6-4.  The  simulated  channel  potential  when  the  wells  are  empty  is  shown  in  Fig¬ 
ure  6-5.  When  t  =  t]  the  gate  voltages  are  0(  =  0  V  and  d>2  =  12  V.  The  fringing  fields  between  the  two 
electrodes  arc  strong  enough  to  control  the  interelectrode  region,  despite  the  large  gap.  When  the  two 
electrodes  are  at  the  same  potential  (t  =  and  t  =  /4),  the  potential  trough  is  maximum.  During  the 
transfer,  O,  clocks  from  12  to  0  V  (t  =  t  ).  The  simulations  show  that,  for  d>(  =  0  V  and  d>2  <  10  V, 
there  is  a  potential  trough  in  the  interelectrode  region  where  charge  could  be  trapped.  The  transfer  to  the 
next  well,  d>r  would  then  be  incomplete  and  the  CTE  would  be  poor.  These  results  are,  at  least 
qualitatively,  consistent  with  our  expectations. 

Simulations  with  charge  in  the  wells  showed  an  unexpected  and  potentially  serious  problem  with 
this  CCD  design.  Figure  6-6  shows  the  potential  of  the  BC  well  in  a  cross  section  under  an  electrode 
with  O,  =  12  V,  for  different  signal  packets  Q  .  The  corresponding  charge  distribution  is  shown  in 
Figure  6-7.  We  see  that  for  Q  >  Q  some  of  the  charge  is  touching  the  interface.  In  practice  the  imagers 
operate  with  a  maximum  signal  of  (10  electrons)  so  the  charge  under  the  electrodes  is  always  safely 
confined  in  the  BC,  away  from  the  surface.  In  the  gap  region,  however,  the  situation  is  very  different. 
The  surface  potential  is  not  completely  controlled  by  the  electrodes  and  tends  to  float  down  to  the 
channel  potential  (Figure  6-8).  Even  for  a  small  charge  packet,  the  potential  well  becomes  very  shallow 
or  even  completely  flat,  as  in  the  extreme  case  shown  here  (d^  =  d>0  =  12  V).  Consequently,  even  for 
small  packets,  the  charge  will  touch  the  interface  in  the  gap  region  (Figure  6-9).  Qualitatively,  we  know 
that  this  will  contribute  to  noise  and  to  an  additional  degradation  of  the  CTE,  caused  by  surface-state 
trapping  and  by  a  reduction  of  the  mobility.  Without  a  full  transient  analysis  we  cannot  predict  how 
much  charge  will  be  at  the  interface  during  the  transfer  or  estimate  the  magnitude  of  this  degradation. 
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Figure  6-2.  Single-poly-Si  CCD  structure;  only  tu’o  electrode  phases  are  shown. 
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Figure  6-3.  Concentration  of  the  BC  donor  implant. 


76 


140667-49 


0> 


\ 


f 


I 


Wl 


Lj^-l 


0 


/ 


l 


n 


*1  *2  *3  *4 


Figure  6-4.  Timing  diagram  for  three-phase  CCD  structure.  High  levels  are  attractive 
to  electrons  (more  positive  gate  voltage). 
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Figure  6-5.  Calculated  potential  minimum  (taken  across  depth)  of  empty  wells  as  a  function 
of  lateral  position  for  different  gate  voltages. 


To  improve  the  CTE  in  the  single-poly-Si  imagers  we  propose  to  implant  the  interelectrode  region 
with  a  p-type  implant  (boron).  This  counterdoping  will  have  two  effects.  First,  by  raising  (making  less 
negative)  the  threshold  in  the  gap  region,  the  potential  trough  will  be  reduced;  second,  if  the  counter¬ 
doping  profile  is  chosen  judiciously,  it  can  create  a  barrier  that  will  exist  even  as  the  surface  floats  and 
will  confine  the  charge  in  the  channel  away  from  the  interface. 

Simulations  confirm  these  assumptions  and  show  that  the  exact  boron  profile  and  dose  are  not 
critical.  Without  attempting  to  optimize  the  boron  implant,  we  have  chosen  a  profile  (Figure  6-10)  that 
creates  a  shallow  p- type  layer  at  the  surface  in  order  to  create  a  permanent  barrier  near  the  surface.  Its 
dose  is  just  large  enough  to  reduce  the  potential  trough,  as  too  much  boron  could  not  only  pin  the  surface 
to  the  substrate  potential  but  also  create  potential  “bumps.”  The  channel  potential  when  the  wells  are 
empty  is  shown  in  Figure  6-11.  The  plot  is  identical  to  Figure  6-5  except  in  the  gap  region,  where  there 
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Figure  6-6.  Calculated  potential  of  the  BC  well  as  a  function  of  depth  in  a  cross  section 
under  an  electrode  with  =  12  V  for  different  charge  packets  Qn 


is  a  significant  reduction  of  the  potential  trough.  A  plot  of  the  potential  in  the  cross  section  of  the  gap 
(Figure  6-12)  shows  that,  even  if  the  surface  floats  down  with  the  channel  potential  as  the  charge  is 
increased,  the  curves  are  not  completely  flat  and  the  bending  keeps  most,  if  not  all,  of  the  charge  away 
from  the  interface  (Figure  6-13). 

These  results  are  encouraging  and  show  that  the  boron  implant  in  the  gap  region  can  be  used  to 
improve  the  CTE  in  single-poly-Si  CCDs.  We  are  currently  fabricating  single-poly-Si  imagers  with 
different  gap  widths  and  with  different  boron  profiles.  We  will  then  verify  this  analysis  experimentally 
and  determine  the  optimum  interelectrode  implant. 

A.L.  Lattes 
C.M.  Huang 
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Figure  6-7.  Spatial  mobile  charge  distribution  as  a  function  of  depth  under  a  gate 
corresponding  to  the  curves  in  Figure  6-6. 
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Figure  6-8.  Calculated  potential  as  a  function  of  depth  in  a  cross  section  in  the  gap 
region  for  different  charge  packets . 
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Figure  6-9.  Spatial  mobile  charge  distribution  as  a  function  of  depth 
corresponding  to  the  curves  in  Figure  6-8. 
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Figure  6-10.  Channel  doping  profile  to  reduce  the  potential  trough .  n-type  BC  and 
p-type  shallow  counterdoping . 
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Figure  6-1 1 .  Calculated  potential  minimum  (taken  across  depth)  of  empty  wells  as  a 
function  of  lateral  position  for  different  gate  voltages  when  the  gap  region  has  been 
implanted. 
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Figure  6-12.  Calculated  potential  as  a  function  of  depth  in  a  cross  section  in  the 
connterdoped  gap  region  for  different  charge  packets. 
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Figure  6-13.  Spatial  charge  distribution  corresponding  to  the  curves  in  Figure  6-12. 


REFERENCES 


1.  J.B.  Green,  A.C.  Anderson,  and  R.S.  Withers,  Proc  SPIE  879,  71  (1988). 

2.  H.K.  Olsson,  IEEE  Trans.  Magn.  25,  1115  (1989). 

3.  C.K.  Kim,  1EDM  Tech.  Dig.  (IEEE,  New  York,  1974). 


86 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OM8  No.  0704-0188 

Public  reporting  burden  for  Ihis  collection  of  information  is  estimeted  to  averega  1  hour  per  response,  including  tha  lima  for  reviewing  mstructiona,  seerching  existing  data  sourcas.  gathering  and  maintaining  the 
data  needed,  and  completing  and  raviewing  the  collection  of  information  Send  comments  regarding  this  burden  estimeta  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this 
burden,  to  Washington  Haedquaners  Services.  Directorate  for  Information  Operations  and  Raports.  1215  Jefferson  Devts  Highway,  Suite  1204  Arlington.  VA  22202  4302.  and  to  the  Office  of  Management  and 
Budget.  Paperwork  Reduction  Protect  (0704-0188).  Washington.  DC  20503 

1.  AGENCY  USE  ONLY  (Leave  blank) 

2.  REPORT  DATE 

3  REPORT  TYPE  AND  DATES  COVERED 

15  November  1989 

Quarterly  Technical  Report,  1  August  —  31  October  1989 

4  TITLE  AND  SUBTITLE 

5  FUNDING  NUMBERS 

Solid  State  Research 

C  —  F 1 9628-90-C-0002 

6.  AUTHOR(S) 

PE  —  63250F 

PR  —  221 

Alan  L.  McWhorter 


7  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Lincoln  Laboratory,  MIT 
P.O.  Box  73 

Lexington,  MA  02173-9108 


8  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


1989:4 


9  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

HQ  Air  Force  Systems  Command 
Andrews  AFB 
Washington,  DC  20334-5000 


10  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


ESD-TR-89-293 


11  SUPPLEMENTARY  NOTES 


None 


12a  DISTRIBUTION/AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  is  unlimited. 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  words } 


This  report  covers  in  detail  the  research  work  of  the  Solid  State  Division  at  Lincoln  Laboratory  for  the 
period  1  August  through  31  October  1989.  The  topics  covered  are  Electrooplical  Devices,  Quantum 
Electronics,  Materials  Research,  Submicrometer  Technology,  Microelectronics,  and  Analog  Device 
Technology.  Funding  is  provided  primarily  by  the  Air  Force,  with  additional  support  provided  hy  the 
Army,  DARPA,  Navy,  SDIO,  NASA,  and  DOE. 


14  SUBJECT  TERMS 

elcclrooplical  devices 
quantum  electronics 
materials  research 
submicromeler  technology 


microelectronics 

analog  device  technology 

lasers 

nonlinear  oplics 


infrared  detectors 
ion  implantation 
growth  crucibles 
excimer  lithography 


charge-coupled  devices 
dielectric  films 


15  NUMBER  OF  PAGES 
114  


16  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

SAR 


20.  LIMITATION  OF 
ABSTRACT 


NSN  7540-01-280-5500 


Standard  Form  298  (Rev  2-89) 
Prescribed  by  AMSI  Std  239-18 
298-102 


